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Abstract
Biological Fuel Cells (BFCs) use biological catalysts to convert chemical energy into 
electrical energy; enzymatic BFCs utilise enzymes as biocatalysts, which often 
results in the production of electricity from simple molecules such as glucose (in the 
presence o f O2).
Glucose oxidase (GOd) was utilised as a glucose-oxidising bioanodic enzyme. 
Initially, direct electron transfer (DET) o f GOd was investigated using lightly- 
oxidised multi-walled carbon nanotubes (MWCNTs). Although GOd appeared to 
undergo DET, further investigation revealed that GOd did not undergo DET.
Mediated electron transfer (MET) o f GOd and flavin adenine dinucleotide- 
dependent glucose dehydrogenase (FAD-GDH) was then investigated, using 
ferrocene (Fc) as an electron mediator. The resulting GOd and FAD-GDH bioanodes 
were then coupled with laccase and bilirubin oxidase (BOd) biocathodes, resulting in 
the enzymatic BFCs operating on glucose (in the presence of O2).
Maximum power densities o f 113.1 ± 1.5 pW cm'^ and 122.2 ± 5.8 pW cm'^ 
were obtained for GOd/laccase and FAD-GDH/laccase enzymatic BFCs, respectively 
(hydrostatically operating on 200 mM glucose in aerated citrate/phosphate buffer 
(pH 5.5)). Similarly, maximum power densities o f 46.5 ± 2.8 pW cm'^ and 35.9 ± 1.3 
pW cm  ^ were obtained for GOd/BOd and FAD-GDH/BOd enzymatic BFCs, 
respectively (hydrostatically operating on 200 mM glucose in aerated 
citrate/phosphate buffer (pH 6.5)).
It was also discovered that GOd produces significant quantities o f H2O2 to 
deleteriously affect both laccase and BOd and their resulting 
bioelectrodes/biocathodes; this also results in decreased performances and 
operational stabilities of GOd-containing BFCs. H2O2 production (by GOd) was 
shown to rapidly inhibit laccase bioelectrode performances by up to 94%; 50% 
inhibition of laccase was observed at 1.94 mM H2O2.
Although laccase and BOd are both significantly affected by H2O2, it is 
demonstrated that bioelectrocatalytic currents o f laccase-containing cathodes that are 
lost in the presence of H2O2 can be recovered by the decomposition o f H2O2 (by 
catalase). Lost bioelectrocatalytic currents o f BOd-containing bioelectrodes cannot 
be recovered by that same treatment and the production o f H2O2 should therefore be 
avoided.
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T3 Type 3
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ORR Oxygen-reduction reaction
Nomenclature of Variables
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D Diffusion coefficient
e Electron or Elementary charge
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E Potential difference
Eceii Potential difference o f a complete electrochemical cell
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E® Formal potential
E %  Oxidation peak potential
E^ ^^ p Reduction peak potential
G Gibbs energy
I Transmitted radiation
lo Incident radiation
i Current
io Standard exchange current
Vll
iRs Internal solution resistance
j Current density, flux
K Kelvin (temperature unit)
kcat Turnover number
Km'PP Apparent Michaelis-Menten constant
Km Michaelis-Menten constant
Ksp Solubility product
1 Path length
M Molar concentration (1 mol dm"^)
n Number of electrons
n Over-potential
V Scan rate
0 Oxidised species
p Power/Electrical Power
R Reduced species
T Transmittance or Temperature
t Time
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F Faraday constant 96485.340 C mol''
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1. Introduction
The ever-increasing global population and resulting increase in energy consumption 
(along with increased technological demand) have resulted in a continual increase in 
the demand for energy. Pairing this with factors such as fuel cost, inflation and 
escalating global warming effects has resulted in a surge in the search for 
technologies to produce cheap, renewable energy in an environmentally-friendly 
manner. The use o f non-renewable fossil-fuels has resulted in the increase in 
production of waste gases that include carbon dioxide (CO2), nitrous oxides (NOx) 
and sulfur oxides (S O x ) .
Renewable energy sources such as wind and solar power have been shown to 
produce electricity effectively and are considered to be carbon neutral (due to their 
limited waste output), but they are considered intermittent electricity sources; low- 
wind can render turbines inactive, whereas low irradiation levels can render solar 
power ineffective [1, 2 ].
1.1. Fuel Cells
Typically, electricity is generated by the combustion of hydrocarbons. The resulting 
heat is then used to heat water, thus, generating steam. This steam flow can then be 
used to rotate turbines which are connected to electricity generators, resulting in the 
production of electricity. Fuel cells are devices that can convert chemical energy into 
electrical energy, by the reaction of an oxidant and a fuel. A major attraction o f fuel 
cells is that they do not require moving parts [3].There are many different types of 
fuel cells, such as polymer-electrolyte-membrane fuel cells (PEMFCs, sometimes 
also referred to as a proton-exchange membrane fuel cell), alkaline fuel cells (AFCs), 
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid- 
oxide fuel cells (SOFCs). Figure 1.1 presents a schematic of a PEMFC that utilises 
hydrogen (H2) and oxygen (O2) as the fuel and oxidant, respectively [4].
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Figure 1.1 -  Schematic o f a PEMFC, operating with Hz and Og
The two major components of a fuel cell are the anode and cathode. The fuel is 
oxidised at the anode, and electrons from oxidation of the fuel are then supplied to an 
external circuit. Simultaneously, protons are also produced at the anode which flow 
through the electrolyte and react with the oxidant at the cathode. At the cathode, the 
oxidant is reduced by the electrons that have flown around the external circuit o f the 
fuel cell.
In the particular example of a PEM fuel cell (Figure 1.1), hydrogen is oxidised 
at the anode (forming 2 protons, H^). Any excess H] that does not become oxidised 
at the anode is recycled back into the fuel supply flow. The protons are then 
transported across the proton exchange membrane to the cathode, where O2 is 
reduced to water (H2O) via a 4-electron reduction (oxygen reduction reaction, ORR) 
upon combination with the electrons that are produced at the anode and cycled 
around an external circuit in the form of an electrical current. Equation 1.1 -  1.3 
illustrate the electrochemical oxidation of hydrogen at the fuel cell anode, and also 
the electrochemical reduction of oxygen at the fuel cell cathode at 25°C and gaseous 
H2 and O2 at 1 atm pressure [4].
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H2 --------------- > 2H+ + 2e-.............................................=  SHE)
Equation 1.1 -  Anodic electrochemical reaction taking place within a PEMFC.
I /2 O2 +  2e- + 2H+ ---------------^ H2O ....................... = + \ .229 V  (vs. SHE)
Equation 1.2 -  Cathodic electrochemical reaction taking place within a PEMFC.
H2 + I / 2 O2 --------------- » H2O ..................................  = + 1 .2 2 9  V
Equation 1.3 -  Overall reaction taking place within a PEMFC.
The oxidation/reduction potentials of the above reactions are given against a standard 
hydrogen electrode (SHE), where the potential of this reference electrode is 
determined as the potential required to oxidise gaseous hydrogen, at a pressure o f 1 
atm, a temperature of 25°C and in a solution of acid with 1 unit activity o f protons 
(hence the oxidation potential o f 0 V (vs. SHE) for the anodic reaction). This single 
fuel cell therefore has a theoretical open-circuit potential (OCP) of +1.229 V; 
individual fuel cells can then be stacked in series to add their OCPs (where two 
devices could have a theoretical OCP of +2.458 V), or in parallel to increase the 
current densities.
Fuel cells are able to electrochemically oxidise fuels such as hydrogen and 
carbon monoxide at the anode, and the incorporation of extra fuel processing can 
allow the use of hydrocarbon and alcoholic fuels [5]. Although these fuel cells can be 
shown to have relatively “clean” emissions (such as H2O and CO2) when compared 
to a traditional internal combustion engine operating on hydrocarbon fuel, the 
conditions needed to operate some fuel cells can be considered extreme. Table 1.1 
outlines some fuel cells, their associated operating conditions and fuels.
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Table 1.1 - -Fuels, products and operating conditions o f  fuel cells (Steele and Heinzel, 2001) [5].
Fuel Cell Typical Typical Typical Typical Operating
Fuel Oxidant Product Temperature (°C)
PEMFC H2 O2 H2O 80
SOFC H2 O2 H2O 500-1000
MCFC H2 O2/CO2 H2O 650
PAFC H2 O2 H2O 2 0 0
AFC H2 O2/CO2 H2O 70
As reported in the review by Steele and Heinzel (2001), it was also found that the 
incorporation o f small crystallites of platinum (Pt) or Pt alloys into carbon-based 
electrodes improves the performance o f these fuel cells (simultaneously increasing 
the costs o f production) [5]. Alloys of platinum and ruthenium can also be used, 
particularly if  small quantities o f carbon monoxide (CO) are present in the supply of 
H2 [3].
1.2. Enzymatic Biological Fuel Cells
1.2.1. Enzymes
An enzyme is a protein (with the exception of ribonucleic acid (RNA) enzymes, 
which are RNA molecules that can catalyse certain biochemical reactions) that 
exhibits catalytic activity. In typical chemical reactions, rates o f reactions can be 
enhanced by altering the conditions in which the reaction is set to take place, such as 
alteration of temperature, pressure, concentration and acidity (pH). In most biological 
scenarios these conditions cannot be altered (for fear o f damaging the biological 
entity), and nature’s response is the incorporation of enzymes to enhance rates o f 
reactions. Enzymes can catalyse extremely fast reactions. Catalase is one o f the most 
catalytic o f known enzymes for the decomposition o f hydrogen peroxide (H2O2) to 
H2O and O2; it has a turnover number (k^at) of 40,000,000 s '\  where turnover is 
defined as the number of substrate molecules converted into product by each enzyme 
molecule per unit time (where the substrate is at a saturated concentration) [6]. 
Equation 1.4 illustrates the reaction o f a common enzyme, glucose oxidase (GOd), 
with its natural substrates, glucose and oxygen.
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glucose oxidase (GOd)
glucose + O 2----------------- > gluconolactone + HjOj
Equation 1.4
The “lock and key” model is commonly used to describe the method of substrate 
interaction between an enzyme and its substrate, as well as the specificity of an 
enzyme for a substrate; the concept of substrate specificity for enzymes is extremely 
attractive when considering the configuration of enzymatic biological fuel cells 
(BFCs, discussed further in Section 1.2.4). Figure 1.2 illustrates the “lock and key” 
model for substrate interactions with an enzyme.
/ Substrate
Enzyme
Figure 1.2 -  “Lock and Key” model between an enzyme and substrate [7].
Daniel Koshland later hypothesized that the inherent flexibility of an enzyme’s 
structure can allow the enzyme to adapt to allow or improve interaction with a 
substrate, known as “induced fit” [8]. Precise orientation of the catalytic site with the 
substrate is required, and it could take time for the substrate to correctly align; the 
induced fit model provides an understanding of why enzymatic rates of catalysis are 
usually so large [8, 9].
1.2.2. Enzyme Kinetics
The reaction rates of enzymes can be expressed in several terms, the most popular 
examples being the specific activity (Units m g ’, U m g ’) of an enzyme (relating the
5
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turnover of an enzyme to its mass) for a given substrate, or volumetric specific 
activity o f an enzyme (U mL’’). Generally, as the concentration of substrate increases 
the turnover rate increases (until the point o f substrate/enzyme saturation). One 
international unit o f enzyme activity, U, is defined as the quantity o f enzyme 
required to catalyse the formation o f 1 pmole o f the product per minute (for which 
the conditions of the assay must be specified). The specific enzymatic activity is then 
derived from this unit o f enzymatic activity and is expressed as U mg"’ (of solid); 
further protein assays can be performed to expresses this value as U mg"’ of 
protein [6].
The Michaelis-Menten model is a useful tool for evaluating enzymatic 
activities. In 1913, Lenore Michaelis and Maud Menten proposed a model based on 
an assumption that an enzyme (E) and its substrate (S) associate reversibly, forming 
a complex between the enzyme and its substrate (ES). Several further assumptions 
must be made to allow the Michaelis-Menten model to be used accurately as a 
measure of the catalytic efficiency o f an enzyme; the concentration of E (and thus 
ES), at a dynamic equilibrium (steady-state assumption) must remain constant, and 
measurements relating to enzymatic velocity (turnover) are made immediately after 
the addition of S. Equation 1.5 illustrates the association and dissociation constants 
between E and S, as per the Michaelis-Menten model, where ki and k.i represent the 
enzyme-substrate association and dissociation rate constants, respectively.
ki
E + S -   " ES
k.i
Equation 1.5
This expression can be further extended, to incorporate the conversion o f the 
substrate, after the formation of ES, to E and the dissociated product (P). E is then 
free to react with more S (Equation 1.6).
E + S     " E S — ^ E  + P
k.i
Equation 1.6 
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The Michaelis-Menten constant (Km) is derived from the constants ki, k.i and ^  
(Equation 1.7).
( k - i  +  k g )
Equation 1.7
This constant, Km, can be derived and quantified against [S], the maximum velocity 
of the enzyme (under saturated [S], Vmax) and the initial velocity of the enzyme (v), 
and thus. Km units are quoted as molarity (Equation 1.8) [6].
^ fn a x  [*^]
V =
K m  +  U]
Equation 1.8
Graphically plotting an experimentally determined velocity (V) against the 
concentration of the substrate (S) is used to determine that velocity, allowing for 
determination o f the Km of an enzyme and substrate. The Km is defined graphically 
as the concentration of substrate at which half of the Vmax is observed. Many 
statistics programs can also mathematically derive the Km value of an enzyme, such 
as non-linear least-squares regression methods within GraphPad (Prism).
Figure 1.3 shows an example of the experimental determination of the apparent 
Michaelis-Menten constant, Km ’^’’’, for an enzyme with an example of the graphical 
extrapolation of Km ’^’’’ from half o f the Vmax-
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Figure 1.3 -  Experimental determination o f for a (a) glucose oxidase and (b) pyranose 
dehydrogenase bioelectrode, adapted from [10].
1.2.3. Electron Transfer between Enzymes and Electrodes
Typically, enzymes contain electroactive co-factors or centres that become reversibly 
oxidised or reduced upon interaction of the enzyme with its substrate. In the case of 
GOd (as per Equation 1.4), the enzymatic oxidation of glucose results in the co­
factor of GOd (flavin adenine dinucleotide (FAD)) gaining 2 electrons and 2 protons, 
thus becoming reduced. Equation 1.9 illustrates the simplified reversible oxidation 
and reduction of FAD, although as many as 9 different redox states of FAD have 
been shown [11].
F A D  +  2 e“ +  2H+ ^  F A D H 2
Equation 1.9
Typically, O2 then interacts with the enzyme and becomes enzymatically reduced to 
H2O2, where the 2 eleetrons and 2 protons (gained by the co-factor upon the 
aforementioned oxidation of glucose) facilitate the production of H2O2 (Figure 1.4).
glucose GOd (FAD) ^  H^O^
glucono­
lactone
I OnGOd (FADH2)
Figure 1.4 -  Enzymatic oxidation o f  glucose by glucose oxidase in the presence o f O2 [12].
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In this example, O2 acts as an “electron acceptor” to GOd. When the enzymatic 
oxidation of glucose occurs (resulting in the concomitant reduction of the FAD co­
factor), the enzyme is then considered “electron rich”, and electrons from the 
reduced FAD co-factor can be shuttled to an electrode (and protons released into 
solution); the electrode is now considered to be the second substrate of the enzyme, 
or the electron acceptor (Figure 1.5).
glucose GOd (FAD)
GOd (FADH,)glucono­lactone
Figure 1.5 -  Bioelectrocatalytic oxidation o f glucose at an electrode, by GOd.
A current can then flow around an external circuit; this is the typical process that 
takes place at the anode within an enzymatic BFC.
When employing an enzyme as the biocatalyst to be used in an enzymatic BFC, 
the mechanism of electron transfer between the enzyme (more specifically, the co­
factor) and electrode must be considered. There are 3 types of mechanism that can 
facilitate this transfer of electrons: direct electron transfer (DET), mediated electron 
transfer (MET), and inter-domain electron transfer (lET).
Direct Electron Transfer (PET)
Direct electron transfer (DET) is considered the most simple electron transport 
pathway for enzymatic electrodes, where electrons tunnel directly between the co­
factor o f the enzyme and the current collector (electrode). It can be, however, the 
most complicated of the electron transport pathways to obtain, and there are 
obstacles that must be overcome. One of the biggest issues with DET can be found 
when the co-factor of the enzyme is buried deeply within the protein shell; the 
distance between the co-factor and the electrode can often be too large for an 
electron to tunnel. Attempts have been made to utilise conductive additive materials, 
such as carbon nanotubes (CNTs) and carbon powders, to aid in the establishment of 
DET. It has also been shown that functionalisation of electrodes and/or supporting 
conductive materials can improve DET properties. One example of functionalisation
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to obtain DET is the attachment of anthracene groups to graphite and CNTs; laccase 
is an enzyme that oxidises phenolic-type substrates and can enzymatically reduce 
dissolved O2 to H2O via the 4-electron oxygen reduction reaction (ORR). The 
anthracene moiety can effectively interact with the phenolic-oxidation site of laccase 
and decrease the electron tunnelling distance between the electrode and the copper 
centre [13-15]. Figure 1.6 illustrates DET between an enzyme (with a proximally- 
located co-factor) and an electrode. Laccase will be described further in Section
1.2.4.
W
«
substrate
Enzyme
•oxidised substrate
Co-factor
Figure 1.6 -  Direct electron transfer between an enzyme and electrode.
Mediated Electron Transfer (MET)
Mediated electron transfer (MET) can be a very efficient method for establishing 
electron transfer between enzyme co-factors/centres and electrodes. Small, diffusive, 
electro-active species act as an electron shuttle between the redox-active site of the 
enzyme and the electrode; common electron mediators include ferrocene derivatives 
[16-19], osmium-complexes [10, 20-27], 2,2’-azino-bis(3-ethylbenzothiazoline-6- 
sulfonic acid) (ARTS) [28-30] and quinone-based mediators [31, 32]. Figure 1.7 
illustrates MET between an enzyme and an electrode, following the enzymatic 
oxidation of a substrate.
M red u ced
m substrate
Enzym e
oxid ised  substrate
M+
ox id ised
Figure 1.7 -  Mediated electron transfer between an enzyme and electrode.
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Inorganic (especially organometallic) compounds are, however, preferred as electron 
mediators due to problems associated with the long term stability o f organic electron 
mediators [33]. Whilst electron mediators were initially used in the supporting 
electrolyte, more recent efforts focus on the attachment of electron mediators to 
either the enzyme (sometimes .directly to the co-factor) [19, 34], electrode 
components [35], or the matrix into which the enzyme is immobilised [24, 36]. This 
so called “tethering” of the electron mediators to the enzyme and/or electrode matrix 
is important when considering a possible future application o f enzymatic BFCs; as 
mentioned above, a device that is fuelled by glucose in the presence o f O2 has the 
ability to be implanted and operate on glucose and oxygen found within the 
bloodstream [31, 37]. Thus, the presence o f un-tethered, diffusive electron mediators 
could cause issues whereby the leaching of these mediators into the bloodstream 
could have deleterious effects on the host. Generally, leaching o f any BFC 
components should be avoided; the recent implantation of an enzymatic BFC into a 
rat employed a molecular weight cut-off dialysis membrane to encase the BFC, 
preventing the leaching o f enzymes from the BFC [31].
The choice of electron mediator must also agree with the choice o f enzyme; the 
redox potential of the co-factor/redox-centre (the potential at which the co-factor can 
be electrochemically oxidised or reduced) dictates the species o f mediator that can be 
used. For enzymatic anodes (that will oxidise fuel in a BFC), the enzyme must 
interact with an electron mediator with a more positive redox potential than its co­
factor or redox-centre. In contrast, an enzymatic cathode that will reduce an oxidant 
in a BFC must interact with an electron mediator that has a more negative redox 
potential than its co-factor or redox-centre. It has been reported that the optimum 
difference in potential between an electron mediator’s redox potential and the 
enzyme’s redox potential lies somewhere between 50 and 170 mV [26]. It is also 
possible to “tune” the redox potential of some electron mediators (by ligand 
exchange) to provide optimal potential differences between the enzymatic co- 
factor/redox-centre and the electron mediator. As demonstrated by Zafar et a l 
(2010), it has been shown that the redox potential o f some osmium-based electron 
mediators can be tuned to be between -270 and +160 mV (v5. Ag/AgCl (3M KCl)) 
[10]. The selection of electron mediator is discussed further in Section 1.2.7.
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Inter-domain Electron Transfer (lET)
Inter-domain electron transfer (lET) is another solution to overcome DET from
deeply buried co-factors/redox-centres. The main example of an enzyme that can
undergo lET is cellobiose dehydrogenase (CDH). CDH can oxidise many common
sugars (cellobiose, lactose, maltose and glucose) and exists as an enzyme containing
2 domains; an FAD-dependent dehydrogenase domain (responsible for the oxidation
of substrates), and a heme-based cytochrome domain. The FAD co-factor o f the
dehydrogenase can undergo MET, and can also undergo intra-molecular electron
transfer to the cytochrome moiety of CDH. The newly-reduced heme co-factor
(being proximal in the sub-domain protein structure) can then undergo DET with an
electrode [38]. Figure 1.8 illustrates the capability o f CDH to undergo DET and/or
MET, where MET can take place between the dehydrogenase domain and DET takes 
place via the heme-domain.
M
reduced
FAD 
containing 
dehydrogenase 
domain
oxid ised
heine-
coiitainino
c jto ch ro m e
dom ain
su b stra te
oxidised substrate
Flexible linker
Figure 1.8 Direct electron transfer pathway (black) and mediated electron pathway (red) of
CDH.
1‘2.4. Enzymes as Biological Fuel Cell Components
BFCs are a subset o f the traditional fuel cells (mentioned above) and are 
differentiated by the use of biological catalysts at the anodes and/or cathodes, often 
as a replacement for metal catalysts. BFCs have some advantages over traditional 
fuel cells, such as low maintenance and operation costs, as well as the ability to 
operate at neutral pH and ambient temperatures [27]. Furthermore, the type o f BFC is 
determined by the biocatalyst employed at the electrode (either enzymes or 
microbes) [39]. Hybrid devices can be created with enzymatic and microbial BFCs 
where, for example, microbial anodes may be coupled with enzymatic cathodes [40].
12
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Semi-biological fuel cells are also commonly created, by the coupling of an 
enzymatic or microbial anode with a metal-catalysed, air-breathing cathode [41]. 
This can overcome a limitation associated with enzymatic cathodes that reduce O2 to 
H2O; the efficiency of enzymatic oxygen-reducing cathodes is limited by the lower 
concentrations of O2 found in aqueous solutions, as opposed to air [42]. Another 
attractive property of enzymatic BFCs is their ability to oxidise common fuels, such 
as glucose, fructose, sucrose and alcohol (ethanol) [31, 43-46]. Furthermore, the 
ability for an enzymatic BFC to oxidise sugars such as glucose introduces the 
possibility for these devices to be implanted into living hosts; glucose/oxygen 
enzymatic BFCs have been implanted into rats [31, 37] and demonstrate the 
possibility to implant devices into humans.
Advantages o f fully-enzymatic BFCs as compared to microbial BFCs can be 
found when considering the separation o f anodes and cathodes; substrate specificity 
o f enzymes (Section 1.2.1) can often negate the requirement for a membrane 
separator between anodic and cathodic compartments. This can lower the cost, the 
intemal-resistance (and therefore improve power outputs) and the overall size of 
BFCs [47]. However, it is still possible that the implementation o f a membrane 
separator can result in improved BFC performance; optimal pH can be maintained at 
both the anode and cathode (where anodic and cathodic enzymes operate at different 
optimal pH ’s) resulting in a higher rate of enzymatic catalysis, and thus, a higher 
flow of current between the anode and cathode (increasing power densities).
1.2.5. Enzymes Commonly Used in Biological Fuel Cells
Glucose Oxidase
Glucose oxidase (GOd, EC 1.1.3.4, Aspergillus niger) has attracted wide attention in 
terms o f enzymatic electrochemistry, due to its extensive use in commercial glucose 
sensors. It is classified as an oxidoreductase, utilising O2 as its natural electron 
acceptor. GOd is a homo-dimeric flavo-protein, with an approximate molecular 
weight of 160 kDa (2 identical 80kDa sub-units), with each monomer containing a 
flavin adenine dinucleotide (FAD) redox co-factor that is located approximately 13 Â 
from the outer-edge of the protein structure [26, 48-50]. Figure 1.9 illustrates the 
ribbon structure o f a GOd monomer (Aspergillus niger). Figure 1.10 shows the 
structure of FAD.
13
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Figure 1.9 -  Ribbon structure o f a GOd monomer {Aspergillus niger), with the FAD co-factor (green) 
located approximately 13 A within the protein [51] (PDB: 1CF3).
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,0H
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Figure 1.10 -  Structure o f Flavin Adenine Dinucleotide (FAD) [52].
The redox potential of the FAD is reported to be -0.32 V (v& Ag/AgCl) at pH 7, and 
the enzymatic oxidation of glucose in the presence of 0% is well understood [26]. 
FAD is comprised of three components; isoalloxazine, D-ribitol and adenosine 
diphosphate (where isoalloxazine and D-ribitol are collectively referred to as
14
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riboflavin). Furthermore, FAD can exist in one o f three oxidation states; an oxidised 
form (FAD), a reduced form (FADH2) that has gained two electrons and two protons, 
and a semi-quinone form (FADH) that has gained a single electron and proton [52]. 
The use of GOd to determine blood-glucose concentrations was first reported in 1962 
and operated by monitoring the change in dissolved 0% concentration in blood with 
an O2 electrode [53]. As illustrated in Figure 1.4, the oxidation o f glucose results in 
the reduction of O2, therefore the O2 concentration is indirectly proportional to the 
glucose concentration. Although GOd is highly-specific for glucose, this generation 
of GOd-based glucose biosensors has one major drawback; the detection of glucose 
relies on the concentration o f dissolved O2 in the sample which can fluctuate and 
introduce reliability issues [12].
The first commercialised GOd-based glucose biosensors quantified the 
concentration of glucose as a function o f the production o f H2O2 (proportional to the 
concentration of glucose). The oxidation of H2O2 can be detected on Pt electrodes, at 
approximately +0.7 V [54, 55]. Although proven to be efficient, that generation of 
GOd-based biosensors suffers drawbacks; the production o f H2O2 is also dependent 
on the concentration of dissolved O2, and therefore can suffer from issues with low 
concentrations o f O2 (as above) [12]. Furthermore, other molecules that may be 
found within the bloodstream can be oxidised on the Pt electrode and may lead to 
false values, such as acetaminophen (paracetamol) and ascorbic acid [54].
The next generation of GOd-based glucose biosensors was first reported by 
Cass et a l (1984); ferrocene (Fc) was used as an electron mediator between GOd and 
a graphite electrode [12] (detailed in Section 1.2.3). Figure 1.11 illustrates the 
mediated enzymatic oxidation of glucose by GOd using Fc as an electron mediator. 
The use o f Fc replaces O2 as a substrate o f GOd, and allows the 02-independent 
determination of glucose. After Fc has been reduced, it can then be oxidised at a 
lower potential (approximately +0.4 V (v5. Ag/AgCl)) that prevents interference by 
other molecules, such as paracetamol and ascorbic acid [54]. The possibility o f using 
cheaper electrode materials is also made available due to the ability of Fc to redox at 
carbon-based electrodes.
15
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glucose GOd (FAD)
f r . T '
Figure 1.11 -  Enzymatic oxidation o f  glucose by glucose oxidase using ferrocene as an electron
mediator.
Fc has been used as an electron mediator for GOd in many publications, with the 
immobilisation or anchoring o f Fc being favoured; leaching o f diffusive mediators 
from devices can lower performance [56]. Methods for the immobilisation o f Fc 
include: the covalent attachment o f Fc to large biological moieties (such as albumin 
and avidin) [17, 57], the covalent attachment o f Fc to polymer backbones [15, 16, 42, 
56, 58, 59], and covalent attachment o f Fc to GOd itself (and even the FAD co­
factor) [19, 60]. Commonly, the covalent attachment of Fc to GOd is undesired, as 
the conditions required to covalently attached Fc to GOd can reduce enzymatic 
activity (by straining the tertiary structure) and therefore lower device performance. 
Other mediators that are commonly paired with GOd include osmium-based 
polymers [24, 25, 61] and quinone-derivatives [31, 32]. The move towards osmium 
and quinone-type mediators for GOd is driven by the possibility o f increasing the 
maximum open-circuit potential (OCP) o f GOd-based BFCs, and is described in 
Section 1.2.7. The lower redox potential o f such electron mediators also further 
minimises electrocatalytic oxidation o f interferents at the electrode surface.
The latest generation of GOd-containing bioelectrodes and biosensors focuses 
on DET between the FAD co-factor and an electrode. For glucose-oxidising 
enzymatic BFCs, DET is desirable due to the low redox potential o f the FAD co­
factor (see Section 1.2.7). DET for glucose biosensors may remove unwanted 
interferents, prevent leaching of GOd (by rational attachment), or even lower the cost 
o f devices. There are many reports o f DET-based GOd electrodes [50, 62-67], but 
there is some confusion over the mechanism of glucose oxidation by GOd; glucose 
oxidation by GOd via DET should not require O2 to be present as the electrode 
theoretically replaces O2 as the enzyme’s electron acceptor, but most reports o f GOd 
DET only report a signal in the presence of O2. However, one report shows the 
electrocatalytic oxidation of glucose via DET of GOd in an argon-purged
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atmosphere, where GOd (from Aspergillus niger) is deglycosylated prior to electrode 
adsorption [68].
Glucose Dehydrogenase
Glucose dehydrogenase (GDH) is as an alternative glucose-oxidising enzyme for use 
in glucose biosensors and BFCs [22, 26, 69-73]. Although also classified as an 
oxidoreductase, GDH does not utilise O2 as its natural electron acceptor (following 
the oxidation o f glucose) and thus does not produce H2O2 [70, 72]. Furthermore, 
GDH contains one of three co-factor groups, namely nicotinamide adenine 
dinucleotide (NAD^) or nicotinamide adenine dinucleotide-phosphate (NADP^, B.C. 
1.1.1.), pyrroloquinoline quinone (PQQ, B.C. 1.1.5.), or flavin adenine dinucleotide 
(FAD, B.C. 1.1.99.). Figure 1.12 shows the structures o f the NAD, PQQ and FAD 
co-factors that can be found in GDH [26]. The enzyme commission numbers (B. C. 
x.x.x.x) specify certain properties of an enzyme, where B.C. 1. classifies an enzyme 
as an oxidoreductase (transferring electrons from one moiety to another). B.C. 1.1. 
classifies an enzyme as an oxidoreductase that acts on the CH-OH group o f a donor. 
Lastly, the third number specifies the natural electron acceptor of the enzyme where 
1 is attributed to NAD^ or N A D P\ 3 is attributed to O2, 5 is attributed to quinone- 
derivatives and 99 is attributed to “other” acceptors.
A FAD (oxidised form)
NH
B NAD* (oxidised form)
+ 2H* +  28-
O H
HzN + H* + 2e-
PQQ (oxidised form)
OHHO,
HN
HO.
FADH; (reduced form) 
H O
NADH (reduced form)
HgN
PQQ (reduced form)
■OH
HN
HO,
OH
OH
Figure 1.12 -  Redox co-factors o f  GDH, reproduced from Leech et al. [26].
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NAD-dependent GDHs (NAD-GDHs) can be isolated/purified from a variety of 
organisms (prokaryotes, higher eukaryotes, mesophiles and extremophiles) [72]. 
Figure 1.13 shows the crystal structure of NADP-GDH from Sulfolobus solfataricus 
[72, 74].
Figure 1.13 -  NADP-GDH homo-tetramer from Sulfolobus solfataricus [B.C. 1.1.1.47], reproduced 
from [74] (PDB; 2CDB). Each monomer is shown with a NADP co-factor (green) and a glucose
molecule (red).
In contrast to the PQQ and FAD-dependent GDHs, the NAD^ or NADP^ co-factor 
(or co-enzyme) is not tightly bound to the enzyme; the co-factor needs to be added to 
the enzyme, and exhibits poor long-term stability in either its reduced or oxidised 
form [22, 72]. Furthermore, the electrochemical oxidation of NADH and NADPH is 
known to be problematic; high over-potentials are often required, further electron 
mediators may need to be incorporated (such as poly(methylene green)), or it is often 
necessary to include NADH/NADPH oxidases to regenerate the oxidised co-enzyme 
(allowing further glucose oxidation by GDH) [22, 42, 72]. For these reasons, it can 
be considered unfavourable to incorporate NAD-GDHs in glucose biosensors and 
BFCs. Activity of NAD-GDHs towards other sugars has also been reported (such as 
galactose, xylose, fructose, and disaccharides), which may be an undesirable trait in 
glucose-specific biosensors [72].
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PQQ-dependent GDH [E.G. 1.1.5.] has been utilised at electrode surfaces as a 
glucose-oxidising biocatalyst [71] and exists in one of two groups of PQQ-dependent 
GDHs: membrane-bound PQQ-GDH (typically found in Gram-negative bacteria), 
and water-soluble PQQ-GDH [72, 75]. Figure 1.14 illustrates the crystal structure of 
PQQ-GDH from Pyrobaculum aerophilum [75].
Figure 1.14 -  PQQ-GDH from Pyrobaculum aerophilum [B.C. 1.L5.2], reproduced from Sakuraba et 
al. [75] (PDB: 3A9H). The PQQ co-factor is shown in green.
Membrane-bound PQQ-GDH is reported to have a high glucose specificity [22], 
although further measures needed to solubilise (such as the use of detergents) and 
purify the enzyme can be detrimental to the physical stability and/or activity of the 
enzyme. In contrast, water-soluble PQQ-GDH does not require the same measures to 
overcome solubility issues, but has low thermal stability and low glucose selectivity 
[22]. It is also reported that the water-soluble PQQ-GDH is a dimeric enzyme, 
consisting of two identical monomers (each containing one PQQ moiety) [72].
FAD-GDH [E. C. 1.1.99.] can be extracted from either bacterial or fungal 
sources; it has also been found within the intracellular fluid of some insects [72]. 
Bacterial FAD-GDH consists of a catalytic, FAD-containing sub-unit, a multi-heme 
cytochrome sub-unit, and a third structural sub-unit. It is reported that bacterial FAD- 
GDH can undergo pseudo-Y)ET (via lET) with electrodes, in a similar fashion to 
CDH (due to the presence of the heme-cytochrome domain. Figure 1.8) [72]; but
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bacterial FAD-GDH has a relatively broad substrate specificity. Fungal FAD-GDH is 
rapidly gaining attention; it has a molecular weight o f between 88 - 135 kDa and is 
monomeric (containing one FAD co-factor), and also has high substrate specificity 
towards glucose [22, 69, 70]. The high specificity o f fungal FAD-GDH for glucose, 
coupled with O2 insensitivity, suggests that this enzyme may be a good replacement 
for GOd in glucose biosensors and BFCs. Furthermore, the monomeric nature of this 
FAD-GDH may also aid progression toward DET-based FAD-GDH electrodes due 
to the smaller overall size of the enzyme.
Laccase
Laccase [E. C. 1.10.3.2] has been extensively studied as a cathodic enzyme in BFCs 
[15, 20, 29, 76-84]; it can be found in a wide variety o f sources including plants, 
fungi, bacteria, insects and prokaryotes, and the two commonly studied laccases are 
extracted from the fungi Trametes hirsuta and Trametes versicolor [85]. Typically, 
laccase oxidises polyphenols and phenolic substrates (in single-electron oxidation 
steps), which results in the concurrent reduction of O2 to H2O (4-electron reduction) 
[85-87].
Laccase is classified as a member o f the multi-copper oxidase (MCO) class due 
to its catalytic copper centres; it contains a total o f 4 copper centres that are 
commonly referred to as type 1 (T l), type 2 (T2) and type 3 (T3), where the T3 
copper centre is comprised of two copper centres; the T2 and T3 copper centres are 
combined in a tri-nuclear cluster (TNC). The single-electron oxidation of substrates 
takes place at the T l copper centre, whereas the 4-electron reduction of O2 to H2O 
takes place at the TNC; electron transfer between the T l and TNC copper sites 
occurs via a Histidine-Cysteine-Histidine tri-peptide chain [85-88]. Furthermore, the 
T l copper centre is located approximately 7 Â below the enzyme surface, and the 
distance between the TNC and the T l centre is approximately 13 Â. Figure 1.15 
illustrates the crystal structure o f laccase from Trametes versicolor, reproduced from 
Piontek et al{%9'\.
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Figure 1.15 -  Structure o f laccase from Trametes versicolor with the tri-nuclear (TNC) cluster (red) 
and Tl copper centre (purple) highlighted, reproduced from Piontek et a l  (2002) [89] (PDB: IGYC).
The replacement of phenolic substrates with an electron source/donor (electrode) can 
result in the bioelectrocatalytic reduction of dissolved O2 to H2O, facilitating the 
incorporation of laccase into 02-reducing cathodes. MET between laccases and 
electrodes has been reported for various mediators, although most commonly an 
osmium-containing mediator [20, 90] or ABTS [28-30] is used. MET is effective for 
laccase, although inhibition of laccase by halide ions is a widely-known issue [82, 
91, 92]; more specifically C f ions have been shown to competitively inhibit substrate 
interaction with the Tl site of laccases, whereas F' ions have been shown to non- 
competitively inhibit laccase by binding to the TNC of laccase, resulting in the 
disruption of electron transfer between the Tl site and the TNC. It is widely accepted 
that bioelectrocatalysis via laccase takes place through interaction with the Tl site 
(for MET and DET), and thus. Cl" and F" ions present issues for laccase-based 
cathodes [82, 87, 93]. It has been shown that certain MET applications (where the 
mediator interacts strongly with the Tl site) can introduce high resistance to Cl" ions 
[82]. Furthermore, DET that interacts with the Tl site can also introduce a degree of
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resistance to Cl ions, but F' inhibition remains an issue for both electron transfer 
pathways [76, 94].
DET between laccase and electrodes has been extensively studied [14, 15, 76, 
83, 84, 86, 87, 94], with the majority of reports focusing on the modification of 
carbon-based electrodes with phenolic functionalities, mimicking the phenolic- 
substrates that usually interact with the T l site o f laccase allows for efficient DET 
between the T l site of laccase and the modified electrode [14, 15, 84]. The 
improvement in DET efficiency by the attachment of polycyclic moieties to electrode 
surfaces can be explained by the reported hydrophobic nature o f the protein 
surrounding the T l copper centre [13].
The ability for laccase to reduce O2 to H2O has been demonstrated as highly 
efficient, but is limited to mildly acidic pH conditions; the optimum pH for the 
bioelectrocatalytic reduction o f O2 to H2O by laccase (Trametes versicolor) is 
reported to be pH 4-5, and virtually no activity is observed at pH 7 [91].
In 2005, Shleev et a l reported a concise list documenting the redox potentials 
o f the T l sites of many different laccases [86]; it was previously reported that the 
potential at which laccase begins to bioelectrocatalytically reduce O2 lies close to the 
redox potential of the T l site [95]. The redox potentials o f laccases from different 
sources were found to range from between 430 to 790 mV (vs. Normal Hydrogen 
Electrode (NHE)). Furthermore, laccase can be categorised into one o f three classes 
that are determined by the redox potential o f the T l site o f laccase; low-, middle-, 
and high-potential laccases.
Table 1.2 reports the potentials of the T l copper centres o f laccases obtained 
from different sources, reproduced from Shleev et a l [87]. Due to the relationship 
between the potential of the T l copper centre and the potential at which O2 starts to 
become bioelectrocatalytically reduced, the potential o f the T l copper centre can be 
used to preliminarily screen the suitability of a laccase for operation in an enzymatic 
BFC; a higher potential o f the T l copper centre suggests a larger OCP may be 
obtainable (explained further in Section 1.2.7). Interestingly, the potential o f the Tl 
copper centre loosely correlates to the optimal pH of laccase from different sources; 
thus, a compromise between larger OCP values and operational conditions must be 
considered [86].
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Table 1.2 -  Potentials o f the T1 copper centre o f laccases from different sources, reproduced from
[87].
Source FT, T l (mV V5. NHE)
Trametes hirsuta 780
Trametes versicolor 780
Trametes villosa (pinsutus) 780
Basidiomycete G20/I 730
Rhizoctonia solani 710
Coprinus cinereus 550
Scytalidium thermophilum 510
Myceliophthora thermophila 470
Rhus vernicifera 430
Bilirubin Oxidase
Bilirubin oxidase ([E.G. 1.3.3.5], BOd) is a second enzyme that has been extensively 
investigated as a component in enzymatic Oi-reducing biocathodes [36, 69, 71, 96- 
99]. The first reported use of BOd as a biosensor was for the detection of bilirubin in 
1988 [96]. BOd offers two major advantages over laccase as a biocathodic 
component: BOd can efficiently bioelectrocatalytically reduce 0% to H2O at 
physiological pH [96-98]. Secondly, BOd is reported to be less sensitive to inhibition 
by halide ions [97, 100, 101]. Both advantages are important when considering the 
implantation of enzymatic BFCs into living human hosts, where physiological pH is 
considered to be around 7.3-7.4 and physiological Cl" concentration is approximately 
150 mM [27, 100]. BOd has been extracted from several fungal and bacterial 
sources, most commonly from the fungus Myrothecium verrucaria [96, 102].
Belonging to the MCQ class of enzymes (due to its coordinated copper 
centres), BOd also contains three different copper centres (T l, T2 and T3) where T2 
and T3 form a TNG and the Tl copper centre is proximally located. Similarly, the Tl 
centre is responsible for the oxidation of substrates, whereas the TNG is responsible 
for the reduction of O2. In the case of BOd, the primary substrate is bilirubin (which 
is oxidised to biliverdin) [87, 96]. It has also been reported that laccase and BOd can 
reduce O2 to H2O in an unfavourable 2-electron step (forming a peroxide 
intermediate) [103, 104].
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BOd is also known to oxidise other tetrapyrroles, as well as diphenols and aryl 
diamines [105], possessing substrate specificity that is somewhat similar to laccase. 
Figure 1.16 illustrates the structure of BOd from Myrothecium verrucaria, with the 
copper centres coloured in red/purple; the TNG can clearly be seen in the centre of 
the enzyme structure, whereas the Tl copper centre can be seen below [106].
«
Figure 1.16 -  Structure o f BOd from Myrothecium verrucaria with the tri-nuclear (TNG) cluster (red) 
and Tl copper centre (purple) highlighted, reproduced from Cracknell et a l ,  (2011) [106] (PDB:
2XLL).
The molecular weights of BOd from different sources have been found to range 
between 59 -  66 kDa; similarly, the potentials of the T l copper centres of BOd from 
different sources are between 0.42 -  0.5 V (v5. Ag/AgGl) [96].
As with laccase, MET of BOd has been demonstrated with Os-based polymers 
[25, 36] and ABTS mediators [107]. Mano et al. (2003) created a glucose- 
oxidising/Oi-reducing enzymatic BEG that utilised “tuneable” Os-based polymers at 
the anode and cathode; the redox-polymers were designed with differing redox 
potentials, therefore allowing the OGP of the BFG to be predetermined [25]. DET 
between BOd and electrodes has also been extensively explored; most reports focus 
on interaction with the Tl copper centre of BOd, as it is widely accepted as the 
preferred point-of-entry for electrons [87, 98]. Furthermore, Ramirez et al. (2008)
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demonstrated that BOd could be selectively oriented on carbon-based and gold-based 
electrodes to evaluate difference in DET between the T l copper centre and the TNG; 
they showed that little or no catalytic activity towards O2 was observed although 
DET between a gold-based electrode and the TNG was observed, thus suggesting 
that DET via the T l copper centre is favoured [108].
Shleev et al. (2004 and 2005) demonstrated DET of BOd on different carbon 
electrodes, with minimal modification (glassy carbon (GG), spectroscopic graphite 
(SPGE), highly oriented pyrolytic graphite (HOPGE) and plastic-formed carbon 
(PFGE)) [87, 109]. In 2010, it was shown that the rational attachment o f functional 
groups to electrode surfaces could enhance bioelectrocatalytic activity o f BOd; 
Armstrong et a l (2010) reported that the attachment of naphthyl-2-carboxylate to a 
graphite electrode offered enhanced adsorption over a pyrolytic graphitic edge 
electrode (PGE) [98]. Furthermore, it was shown that limitation o f the highly-active 
bioelectrocatalytic reduction o f O2 to H2O (by BOd) is defined by the rate of 
interfacial redox cycling of the T l copper centre, at pH 5; at pH 8 (where activity is 
significantly lower) it was shown that this is no longer the limiting factor.
Gracknell et a l (2011) reported the X-ray crystal structure o f BOd from 
Myrothecium verrucaria, which further led to improved rational adsorption o f BOd 
onto a PGE by the attachment o f bilirubin (the natural substrate of BOd) [106]. This 
“rational attachment” approach then lead to the development of carbon nanotube 
electrodes modified with poly-cyclic groups, that showed heightened 
bioelectrocatalytic performances both due to the choice o f poly-cyclic, and the 
newly-obtainable increased surface areas o f electrodes [14,15,78].
1,2.6. Enzyme Immobilisation onto Electrodes
Enzymes that are in solution can interact with electrodes via proximity interactions, 
or even via electron mediators (described Section 1.2.3). It is, however, considered 
beneficial to immobilise enzymes on electrode surfaces or within electrode 
assemblies. Studies have shown that the immobilisation o f enzymes on electrodes 
can increase enzyme stability over time, by approximately 10-fold [39]. Furthermore, 
the immobilisation of enzymes onto their respective electrodes allows the electrodes 
to be operated in the same compartment (by removing the membrane separator 
between compartments). Enzymatic BFGs that are fuelled by glucose in the presence
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of O2 have a further advantage as such devices could be implanted into a host and 
fuelled by the glucose and O2 present in the host’s bloodstream at approximate 
concentrations of 5 mmol L'^ and 45 pmol L '\  respectively [31, 37]. It is therefore 
imperative that the enzymes to be used in these BFCs do not leach from the device, 
into the bloodstream of the host. Enzyme immobilisation on electrodes is commonly 
achieved via entrapment or chemical cross-linking.
The immobilisation of enzymes onto electrodes via entrapment is typically 
achieved by the reconstitution in a polymer that is insoluble in aqueous solutions; 
Nafion® and chitosan are common examples [110]. Chemical-crosslinking of 
enzymes into a matrix that is adsorbed onto an electrode is commonly performed 
using a cross-linker that spontaneously reacts with amine groups present on the 
amino acids of the protein shell, such as glutaraldehyde (pentane-1,5-dial) or 
ethyleneglycoldiglycidylether (EGDGE). Figure 1.17 illustrates the chemical cross- 
linking of two enzyme molecules by glutaraldehyde. The further reduction of the 
imine formed between glutaraldehyde and the lysine amino acid NH2 groups on the 
enzymes can be performed to improve the catalytic performance and chemical 
stability of bioelectrodes [61].
L y s  NH2
Lys  NH2
H  Lys
NaBH I
N  Lys
Figure 1.17 -  Chemical cross-linking o f two enzymes by glutaraldehyde.
Lastly, Katz et al. (1999) demonstrated the attachment of GOd to an electrode 
surface modified with the FAD co-factor [19]. A gold electrode was modified with a 
thiol-PQQ-FAD chain, which was later mixed with apo-GOd\ this resulted in the
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FAD co-factor behaving like a docking site. Further, the PQQ moiety located 
between the FAD co-factor and the electrode surface behaved as a non-diffusive 
electron mediator, or eleetron relay, ensuring bioelectrocatalytic oxidation of glucose 
by GOd. Figure 1.18 illustrates the attachment of GOd to a gold electrode, using a 
thiol-PQQ-FAD chain [19].
Apo-GOd
g - ' S ^ N - C - P Q Q - C — NI
PQQ =
Gluconic acid
A u FAD
Figure 1.18 -  The docking o f GOd to a gold electrode by a thiol-PQQ-FAD chain,
reproduced from [19].
As described above for laccase and BOd (Section 1.2.4), the attachment of substrate 
or substrate-like moieties to electrode surfaces ean enhance the adsorption of 
enzymes onto electrodes; poly-cyclie aromatic species have been used to 
successfully dock laccase and BOd [14, 15, 78, 79, 84, 98], as well as the attachment 
of bilirubin onto an electrode surface to further enhance the adsorption of BOd [106]. 
Figure 1.19 illustrates the modification o f a PGE with an anthracene moiety to doek 
laccase to the electrode via the Tl copper centre [13].
anthraœne-2-diazonium
-N-
PGE surface
1.12 nm
2A-PGE electrode
Figure 1.19 -  The modification o f a pyrolytic graphite electrode with an anthracene moiety,
reproduced from [13].
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1.2.7. Enzymatic Biological Fuel Cells: Concepts
Enzymatic Biological Fuel Cells: Confi2uration
A fully-enzymatic BFG typically incorporates an anode and a cathode, both of which 
utilise an enzyme as their biological catalysts. As mentioned above, enzymes can be 
free in solution (where a membrane separates the anodic and cathodic chambers) but 
the immobilisation of enzymes onto electrodes is preferred and can remove the 
requirement of a membrane while lengthening the catalytic lifetimes o f enzymes 
[39]. Although the removal of a membrane can lower device cost, size and internal 
resistance (previously proton movement across a membrane), it can also result in 
lower performance of the BFG. If the pH for optimum enzymatic activity of the 
anodic and cathodic enzymes differ, then a compromise pH must be adopted; if the 
difference between optimum pH is too large, the device may in-fact operate at a 
lower performance than if a membrane was present (and pH optima were initially 
present in both the anodic and cathodic chambers).
Figure 1.20 illustrates a typical configuration of an enzymatic BFG, 
incorporating GOd and laccase as the anodic and cathodic biocatalysts, respectively. 
In this example, glucose is the fuel and O2 (dissolved) is the oxidant.
LOAD
glucose
gluconolactone
Laccase
H"
Figure 1 .2 0 -  A typical enzymatic BFC configuration.
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Enzymatic Biolosical Fuel Cells: Qpen-Circuit Potential and Electron Mediators
The open-circuit potential (OGP) of an enzymatic BFC is the potential difference 
between the final redox potential of the anode and the cathode, when no external 
current flows (/ = 0). It is therefore a function of the redox potentials of both 
enzymes; if the difference between the redox potentials of the anodic and cathodic 
enzymes is increased, then the OGP of the enzymatic BFG will also theoretically 
increase. If, for example, the anodic enzyme had a redox potential of -0.5 V (v5. a 
standard reference electrode) and the cathodic enzyme had a redox potential of +0.5 
V (vs. the same reference electrode under the same conditions), then a maximum 
theoretical OGP of that device would be close to +1.0 V. As demonstrated in Figure 
1.21, a “driving force” is required to initiate bioelectrocatalysis thus 
bioelectrocatalysis occurs once an onset potential (onset of catalysis) has been 
applied to the bioelectrode. Therefore, it is more accurate to report the overall 
potential difference of a BFG as a function of the difference in onset potentials [111].
Electrocatatytic Oxidation 
of Fuel at Anode
EO'
I I
Overpotentialerpotentlal
Open Circuit Voltage (OCV)Current , Potential
Perfect OCV (E,
Electrocatalytic Reduction 
of Oxidant at Cathode i
Ideal —e 
Response
Figure 1.21 -  Linear sweep voltammogram traces for both anodic and cathodic processes (reproduced
from [111]).
The blue current responses for the anodic and cathodic electrode (Figure 1.21) 
illustrate the behaviour of a perfect, or near-perfect, catalyst; there is little or no 
difference between the theoretical potential and the actual potential at which the fuel 
is oxidised (or the oxidant is reduced). Furthermore, the current magnitude increases
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instantaneously and dramatically. In this example, the device would be operating at 
near-perfect OGP.
Figure 1.22 illustrates how the redox potential of anodes/cathodes, and 
combinations thereof, ean dictate the maximum OGP of an enzymatic BFC (not 
drawn to scale). In this ease, the combination of anodic enzyme A with cathodic 
enzyme A could yield a greater OGP.
M a x im u m  O C P
-1 V
M a x im u m  O C P
A n o d ic A n od ic
E n zx m e E n z \m e
C ath od ic  C ath od ic  
E n zx m e  E n zy m e  
B À
Figure 1.22 -  Anodic and cathodic electrode onset potential scale (not drawn to scale).
As outlined in Section 1.2.3, electron mediators are commonly used to facilitate 
MET between enzymes and electrodes, and the electron mediator must be carefully 
selected to ensure that the redox potential of the enzyme and eleetron mediator 
complement each-other. As a difference in potential between the enzyme and its 
electron mediator is required, the maximum theoretical OGP of the device will 
therefore decrease (Figure 1.23).
M a x im u m  O C P  fo r  D E T
M a x im u m  O C P  for M E T
-IV OV
A n o d ic
E n zy m e
C ath od ic
E n zy m e
E lectron
M ed ia to rs
Figure 1.23 -  The influence o f choice o f electron mediators and onset potential on the OCP of
enzymatic BFCs.
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As mentioned above (Section 1.2.3) optimum redox potential difference between the 
redox potential o f the enzyme and its electron mediator is thought to be somewhere 
between 50 to 170 mV [26]. It is, however, important to establish an optimum 
potential difference between the enzyme and its electron mediator, as the closest- 
possible functional potential difference may not result in an optimum catalytic 
current (the current resulting from the mediated oxidation or reduction of a substrate 
by an enzyme).
Gallaway and Barton recently showed that, although a range o f osmium- 
containing electron mediators can effectively mediate the enzymatic reduction of O2 
by laccase, the optimum redox potential for the electron mediator is found 
somewhere in the middle of the investigated range [90, 112]. It is therefore important 
to find a compromise between an optimum redox potential o f an electron mediator 
and the optimum mediated catalytic current produced by an enzyme {via MET) to 
ensure optimal performance from enzymatic BFCs.
1.2.8. Enzymatic Biological Fuel Cells: Performance Characterisation 
The performance o f enzymatic BFC devices (and traditional fuel cell systems) is 
quantified in terms of power, or electrical power (f) , and is a function o f the cell 
voltage (V) and the cell current (I) (Equation l.IO).
p  =  IV
Equation 1.10
In Ohmic (resistive) circuits, P can also be defined as a function o f resistance (R), by 
the incorporation of Ohm’s law (Equation l.I  I).
P  =  p R  =
Equation 1.11
Therefore, BFCs that can operate at high voltages and high currents are able to 
operate at high power. However, the maximum operating potential o f individual
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aqueous electrochemical systems is limited; the electrolysis of water occurs at a 
potential difference o f +1.23 V, in ideal conditions at 25°C [113]. The measurement 
of the OCP o f enzymatic BFCs can provide information about the thermodynamics 
of a device. However, it does not offer information about the device kinetics (the 
latter commonly being the limiting factor of an enzymatic BFC) [33].
In practice (due to several factors such as catalyst purity and environmental 
effects), there is often a difference between the theoretical and actual potential at 
which the fuel becomes oxidised (or the oxidant becomes reduced) by the catalyst. 
This difference in potential that is applied to initiate catalysis (to overcome activation 
losses) is referred to as polarisation, and the difference between the theoretical 
potential at which catalysis should occur and the actual potential at which catalysis 
begins to be observed is referred to as the over-potential (q). Thus, catalyst over­
potentials give insight into catalyst performance. As summarised by Roberts, the 
over-potential o f a catalyst is conventionally considered to be the sum of three 
individual over-potential losses (activation, ohmic and mass-transport 
(concentration)) and is summarised in Equation 1.12 [111].
^total ^activation ^ohmic ^mass transport
Equation 1.12
Figure 1.24 shows a typical polarisation curve (linear sweep voltammogram (LSV)) 
that is obtained from a fuel cell, in the presence of the fuel and oxidant.
Losses associated with activation are found at low cell currents, as a potential 
difference needs to be applied across the cell to initiate catalysis at the anode and 
cathode. This over-potential is usually associated with poor electrode kinetics which 
could be due to poor electron transfer between the enzyme and electrode, poor 
conditions of the cell (such as temperature which for enzymes, may affect the rate of 
catalysis), or a double layer effect o f the electrolyte.
Ohmic losses are generally associated with any type of electrical or ionic 
resistance of a fuel cell. For example, the inclusion o f a proton-exchange membrane 
to separate the anodic and cathodic chambers introduces additional ionic resistivity. 
Electronic conductivity losses can be found in the fuel cell connections, as well as
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the external wiring of the device. The ionic conductivity of the electrolyte solution 
also introduces further ohmic losses.
Lastly, mass-transport (or concentration) losses are associated with the ability of 
fresh substrate and spent substrate (product) to diffuse to and from the site of 
catalysis. Once the device reaches high currents, the rate of diffusion needs to 
dramatically increase to ensure fresh substrate is rapidly supplied to the electrode 
catalyst. This diffusion rate (and catalytic turnover number, for slow or inefficient 
catalysts) causes the current to plateau at a maximum current, known as the limiting 
current [3, 111]. For devices that immobilise the catalysts at the electrodes in a 
matrix, additional measures can be taken to increase the rate of diffusion of the 
substrate through the matrix and results in an increase of the limiting current.
Open-C'ircuit 
Potential (/=0)
Activation Losses
Ohm ic LossesLU
Short-Circuit 
Potential (/-m ax.)
M ass Transport 
Losses
/■=0
/ =  max.
Figure 1.24 -  Polarisation curve o f  a fuel cell, in the presence o f a fuel and oxidant, where E is 
potential and i is current (data produced by author).
Equation 1.10 and Equation 1,11 (Page 31) show the relationship between the 
voltage and current of a fuel cell, with its resultant production of power. Figure 1.25 
illustrates a typical power curve obtained from the operation of a fuel cell.
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M axim um  Power (Pma,.)
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Figure 1.25 -  Typical power curve o f a fuel cell, where P is power and i is current (data produced by
author).
The power output of the device increases linearly as the current flow across the 
electrodes increase, but the power rapidly drops as the device approaches its short- 
circuit potential (SCP), This is because the device reaches its limiting current (mass- 
transport). Figure 1.26 presents an experimentally determined linear sweep 
voltammogram (LSV) trace and power curve for a BFC.
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0.0 0.000
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I
Figure 1.26 -  Experimentally determined linear sweep voltammogram (LSV) and power curve (right- 
hand axis) for a BFC, where E is potential, i is current, and P is power (data produced by author).
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Firstly, the OCP of the BFC is shown at approximately 0.69 V (where i = 0). The 
portion of the LSV trace between “a” and “b” reflects activation losses o f the BFC. 
These losses could be a combined effect of the anode and cathode and cannot be 
attributed to a single electrode. Furthermore, these losses could reflect slow enzyme 
catalysis (as over-potential is required as a driving force), which may be improved by 
altering the operating conditions of the BFC, such as temperature and pH. The 
portion o f the LSV trace between “b” and “c” reflects the total catalysis that takes 
place at the anode and cathode, with the slight decrease in potential V5. current 
attributed to ohmic losses. These ohmic losses could be due to electrical resistance 
within the electrode configuration, at the electrode connections or even in the 
external circuitry o f the device. Furthermore, this may reflect any proton-conduction 
(or other ion) issues within the electrolyte, between the anode and cathode. At “c”, 
the device has reached its maximum current density, which reflects the maximum 
rate of turnover by the enzymes at the anode and cathode. Portion “c” to “d” 
therefore reflects mass-transport limitations of the device, where either the turnover 
o f the catalyst is at maximum, or the substrate cannot be refreshed at the catalyst 
surface at the required rate.
Interestingly, there is a slight decrease in current density at the device 
approaches 0 V; this could reflect mass-transport (substrate starvation) at either the 
anode or cathode, where the electrode architecture does not allow a high enough rate 
of diffusion of the substrate to the electrode (or even, removal o f the product), 
resulting in the depletion o f the substrate at the electrode (and thus, a lower rate o f 
catalysis). In an enzymatic BFC that incorporates mediators, this could also reflect 
other effects, such as mediator leaching from the device, poor catalytic stability of 
the enzymes, or even enzyme inhibition/catalyst fouling. The maximum power 
density of the BFC can be found at point “e” [111,114].
1.2.9, Examples o f Enzymatic Biological Fuel Cells
This section reports key details and performances o f some published examples of 
enzymatic BFCs (Table 1.3).
Minson et a l (2012) reported a high performance glucose/0 2  enzyme BFC that 
used GOd as the anodic enzyme, coupled with laccase as the cathodic enzyme; this 
BFC was compartmentalised (using a membrane), thus allowing near-optimal pH
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conditions in both the anodic (pH 8.4) and cathodic (pH 4.0) chambers. The GOd 
anode was a MET-type electrode, utilising a ferrocene mediator that was grafted onto 
a linear polyethyleneimine backbone. The laccase cathode was a DET-type electrode 
that incorporated anthracene-modified multi-walled carbon nanotubes that act as a 
docking site for the substrate-oxidation site of laccase (close to the T l copper centre)
[15].
Hickey et al. (2013) reported a semi-enzymatic BFC that incorporated a 
cascade of 3 enzymes at the anode, enabling the oxidation o f sucrose via hydrolysis 
and the subsequent oxidation of fructose and glucose (after hydrolysis o f sucrose by 
invertase). GOd and fructose dehydrogenase (FDH) were the enzymes responsible 
for the oxidation o f glucose and fructose; a derivative o f ferrocene-grafted linear 
polyethyleneimine was utilised as an immobilisation matrix containing an electron 
mediator, to establish MET with GOd and FDH (however, FDH can also undergo 
DET) [46]. The cathode o f this BFC was an air-breathing Pt/C cathode, where the 
anodic (wet) chamber was separated from the cathodic chamber (atmosphere) by a 
Nafion® membrane.
Zebda et al. (2011) reported a mediator-less glucose/Oi fully enzymatic BFC, 
that incorporated GOd and catalase at the cathode, with laccase being utilised as the 
cathodic enzyme [115]. The bioelectrodes were prepared by mechanically 
compressing together the enzymes and carbon nanotubes, followed by sealing with a 
permeable membrane to entrap the enzymes. The authors then went on to report the 
operation of this BFC configuration in rats [37]; the BFCs were shown to operate 
after 110 days o f implantation, and produced a power density o f approximately 194 
pW/cm’^  with an associated OCP of 0.57 V.
Halamkova et al. (2012) reported the successful operation o f a glucose/Oi 
fully-enzymatic BFC that was implanted within a snail; the bioanode utilised PQQ- 
GDH whereas the cathode incorporated laccase. Electrodes were made from bucky- 
paper, and small cuts were made into the shell o f the snail [116]. The BFC was stable 
for several months.
Finally, Mano et a l (2003) reported the operation of a glucose/0 2  fully- 
enzymatic BFC within a grape; the anodic enzyme was GOd, whereas the cathodic 
enzyme was BOd [25]. Two differing Os-containing redox-polymers were
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incorporated into the anode and cathode, which were pre-selected following the 
determination of their redox potentials.
Table 1.3 — Comparison o f different enzymatic BFCs.
Enzymes Fuel/Oxidant OCP Maximum Maximum Operation
(V) Current
Density
(mA/cm^)
Power
Density
(pW/cm^)
Conditions
GOd Glucose/Oi 0.81 1.28 281 (±50) 25°C
Laccase [15] (±0.18) pH 8.4/4.0 
100 mM 
glucose
GOd Suerose/Oi 0.52 0.34 42 (± 15) 25°C
FDH (± 0.03) pH 5.5
Invertase 100 mM
Pt/C Cathode sucrose
[46]
GOd Glucose/02 0.95 - 1300 20°C
Catalase pH 7.0
Laccase [115] 5 mM 
Glucose
GOd Glueose/02 0.57 - 194 Implanted
Catalase (implanted - within a rat
Laccase [37] rat)
PQQ-GDH Glucose/02 0.53 0.17 30 Implanted
Laccase [116] (implanted -  
snail)
within a 
snail
GOd Glucose/02 - - 240 Implanted
BOd [25] within a 
grape
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1.3. Hypothesis, Research Aims and Objectives
It is apparent that the choice of enzyme and its attachment to electrodes by different 
strategies may offer different benefits and/or further complications, e.g. the 
incorporation of GOd may deplete dissolved [O2] (commonly required as the oxidant 
for cathodic enzymes) and concurrently introduce unwanted H2O2; the production of 
H2O2 by GOd may have destabilising effects on the enzymes within the BFC. This 
side-reaction of GOd-containing anodes is commonly described as parasitic, whereby 
the reduction of O2 to H2O2 competes with electron transfer from GOd to the 
electrode (via MET or DET) [116]. Nevertheless, GOd remains possibly the most 
commonly-used anodic enzyme due to its high activity and specificity for glucose, 
and commercial availability. Also, obtaining DET between GOd and an electrode 
could prove very advantageous, resulting in an increase in the maximum theoretical 
OCP of enzymatic BFCs (Section 1.2.7).
It is therefore hypothesised that a successful glucose-oxidising bioanode is one that;
a. undergoes efficient electron transfer with an electrode.
b. efficiently oxidises glucose at a fast rate.
c. is stable, retaining catalytic activity over time.
d. does not introduce unwanted moieties into the BFC.
This thesis therefore aimed primarily to investigate GOd as a bioanodic component 
within glucose/02  enzymatic BFCs (via both DET and MET), and also to determine 
whether the side-reaction of GOd (reduction o f O2 to H2O2) detrimentally affects 
such enzymatic BFC configurations. FAD-GDH will also be investigated as an O2 
insensitive replacement for GOd. The aims of this thesis therefore also encompass 
the creation of enzymatic BFCs, where glucose-oxidising enzymes are utilised at the 
anode, and 0 2 -reducing enzymes are utilised at the cathode of a device.
Therefore, the main objectives of this thesis were:
1. To investigate GOd as a biocatalyst for glucose-oxidising BFCs:
a. on carbon-based electrode architectures.
b. determining whether DET and the direct bioelectrocatalytic oxidation of 
glucose can be obtained on investigated architectures.
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c. via MET by Fc, determining whether resulting bioelectrodes can be 
incorporated into BFCs as glucose-oxidising bioanodes.
2 . To investigate the side-reaction of GOd (reduction of O2 to H2O2):
a. determining whether the depletion of dissolved [O2] affects the 
performance of enzymatic bioelectrodes and BFCs.
b. determining whether the production of H2O2 affects the performance o f 
enzymatic bioelectrodes and BFCs.
3. To investigate the use o f FAD-GDH as an 0 2 -insensitive glucose-oxidising
biocatalyst, by:
a. developing and validating a bioelectrode for the incorporation o f FAD- 
GDH.
b. comparing and contrasting differences in O2 sensitivity of resulting FAD- 
GDH-based bioelectrodes to GOd-based bioelectrodes.
4. To prepare and characterise semi-enzymatic and fully-enzymatic glucose/0 2
BFCs:
a. made from different combinations of GOd, FAD-GDH, laccase and BOd.
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2. Electrochemistry Background and Experimental Details
2.1. Electrochemistry Background
Electrochemistry is the study o f chemical reactions that take place following the 
application of, or a change in, electrical potential at an electrode. Studies can 
examine chemical changes that take place following the application of an electric 
current, or the production of electrical energy following a chemical reaction (e.g. the 
production o f electrical energy by a battery). “Electrochemistry” also includes 
studies that focus on other subjects such as: corrosion, energy storage, 
electrosynthesis, and electroplating [1].
Typically the process that takes place at an electrode is heterogeneous, 
whereby an electron is transferred between a solid electrode (commonly a 
chemically-inert metal, such as gold) and a solution-phase species; the species and 
electrode interact at the electrode/solution interface [2]. Equation 2.1 demonstrates 
the reduction of Fe^^ (in an aqueous phase, aq) at a solid electrode (metal, m), where 
the electrode acts as a source of electrons (in this example) [2 ].
(aq) S (m) ^  (aq)
Equation 2.1 -  The reversible electrochemical reduction ofFe^^ at a metal electrode.
In equilibrium electrochemistry, this electron transfer between the electrode 
(commonly referred to as a working electrode, W E )  and the aqueous species results 
in potential drop (or potential difference) across the electrode/solution interface. The 
measurement o f this potential drop requires the use o f a second electrode (to form a 
complete electrical circuit), which will also possess its own potential drop; thus, the 
experiment measures the difference in the potential drop that occurs between both 
electrodes (the total). Thus, reference electrodes (RE, described below) are 
commonly used; these electrodes maintain a constant potential drop of their own 
which, when coupled with the electrode o f interest, allows the determination o f its 
individual potential drop (+ a constant) [2]. For a mixture of Fe^^ and Fe^^ species, 
the potential drop at the W E  will reach equilibrium (E'e), provided that no current is 
drawn through the electrochemical cell [2].
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2.1.1. Nernst Equation
The Nernst equation allows for quantification of each species, provided that the 
standard electrode potential (É^) of the species is known (versus a RE, usually a 
standard hydrogen electrode (SHE)); this is the potential drop when both species are 
present at unit activity (effective concentrations o f 1 M and under standard 
conditions, including 1 atm pressure). The Nernst equation requires the activities of 
both species; these are usually unknown and the concentrations o f both species are 
therefore used; furthermore, the formal potential of the species o f interest is used 
( ^  ), which is an adjustment o f and incorporates the activity coefficients of the 
species (Equation 2.2) [2-4]
Equation 2.2 -N e m st Equation [2, 3].
where R is the ideal gas constant (8.314 J K'^ mof^), T is the temperature (K), n is the 
number o f electrons transferred, F  is the Faraday constant (96485 C moF^), and [O] 
and [R] are the concentrations of the oxidised or reduced species, respectively. The 
concentrations of the oxidised or reduced species can be used only for dilute 
solutions; more concentrated solutions require the use o f the actual activities o f each 
species.
The electrochemical reduction or oxidation (redox, reduction-oxidation) o f a 
species at an electrode results in a measured electrical current, due to the electrode 
acting as an electron sink (for the oxidation of a species) or source (for the reduction 
of a species). This current magnitude (z) can be explained by Equation 2.3
/ = n F A j
Equation 2.3
where A is the electrode area (cm^), and j  (in this case) is known as the flux 
(moles cm'^ s'^) [2]. The flux is the quantity o f redox species that reacts with the
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electrode (per second) and is therefore considered to be an electrochemical rate of 
reaction (Equation 2.4).
j  ~  ^oxidation [ R ] o
and using Equation 2.3
^anodic O xidation 0
Equation 2.4
where o^xidation is the heterogeneous rate constant for the oxidation of R (electron 
transfer reaction) at the electrode, when the concentration of the species is the same 
at the electrode surface and in the bulk solution (equilibrium) [2]. The standard 
heterogeneous rate constant, AP, is the rate constant when the potential applied at the 
electrode is equal to ; large values typically indicate fast kinetics.
2.1.2. Butler-Volmer Equation
Another important fundamental equation used in electrochemistry is the Butler- 
Volmer equation (Equation 2.5), which can be used to determine how the rate o f a 
reaction occurring at an electrode surface varies with over-potential (q).
Xl-a)Fr]  r-aFr]\
i =   ^ — e x p v  RT y )
where over-potential is defined by:
Î] =  E  —  E ^ '
Equation 2.5
where k  is the standard exchange current (when the net current from anodic and 
cathodic processes is 0) and a is the transfer coefficient. Furthermore, the 
Butler-Volmer equation assumes that both species are reacting with the same 
electrode; this equation is commonly applied to a one-step, one-electron process
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where the concentrations of O and R at the electrode are the same as their respective 
concentrations in the bulk electrolyte [5]. Since k° is proportional to io it is often used 
in kinetic equations [5-7].
At equilibrium (when the concentrations of O and R are the same), the net 
current o f the system is zero, but it is still expected that faradaic activity occurs at the 
electrode to balance each reaction. Since the net current is zero, the current for both 
the oxidation and reduction reactions is equal, and both are represented by io 
(Equation 2.6).
io  =
Equation 2.6
The transfer coefficient, a, is effectively a measure of the symmetry of the energy 
barrier o f a species at equilibrium and at a given over-potential [6]; Figure 2.1 shows 
how current relates to over-potential for reversible (black dashed line) and 
irreversible (red dashed line) processes.
/
Figure 2.1 -  Current as a function o f  over-potential for a reversible (black dashed line) and an 
irreversible (red dashed line) reaction at an electrode, adapted from [6].
For irreversible reactions, the Butler-Volmer equation can be simplified and the 
value of a can be experimentally determined. Equation 2.7 shows the simplification 
of the Butler-Volmer equation for an irreversible oxidative reaction [6].
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, . , . , H - a ) F
Ini =  ln i o + — — — 77
Equation 2.7
Plotting (In /) against q also allows experimental determination of the standard 
exchange current (z'o); linear extrapolation and estimation of the intercept (on the y 
axis (In /)) provides a value for iq.
2.1.3. Dynamic Measurements
Although the electrochemical rate of reaction (above) is important, it is also 
important to consider how other physical effects may impact the overall rate of 
reaction o f the electrochemical species at the electrode. The overall rate o f reaction 
can also be considered to be a function of (a) the rate at which the reactant is 
transported to the electrode surface, (b) the rate at which the reactant is oxidised or 
reduced at the electrode surface, and (c) the rate at which the product is transported 
away from the electrode surface. Chemical reactions that take place following an 
electrochemical reaction can also govern the overall rate o f reaction; other surface 
interactions (such as adsorption and desorption) also affect overall rates o f reactions.
The following three significant transport processes can be used to visualise 
how overall rates of reactions that depend on mass transport may be affected or 
altered [8].
• Diffusion,
• Convection, and
• Migration.
Diffusion acts to balance any changes in concentration across a solution; following 
electrolysis (the oxidation or reduction o f a species at an electrode) a depletion in 
[reactant] is observed in the solution at close proximity to the electrode. A flat disk 
electrode exhibits a hemispherical “diffusion layer” after electrolysis. Furthermore,
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the flux (J) of a species (described above) can be quantified as a function o f that 
species’ diffusion coefficient across a concentration gradient (following depletion of 
the reactant). Pick’s first law of diffusion relates j  to the diffusion coefficient (D) of a 
reactant O (Equation 2.8) [8].
Equation 2.8
where Dq is the diffusion coefficient o f oxidised species O, and x is the distance of 
the species from a planar surface [8]. Pick’s second law relates the surface 
concentration of O to time (Equation 2.9).
d [ 0 ]  d ^ [ 0 ]
d t  ° ax2
Equation 2.9
Substitution using Equation 2.4 results in the Cottrell equation; linearisation o f the 
Cottrell equation allows for the calculation o f a diffusion coefficient o f a species via 
Equation 2.10 [9]:
n t
Equation 2.10
Convection in a solution is either natural or induced. Natural convection can occur 
when differences in thermal or density properties of solutions occur. Thermal 
convection may occur following exo- or endo-thermic changes o f a process, whereas 
density changes can occur when products o f an electrochemical reaction differ in
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density to the reactants. Induced convection (by stirring, gas-purging or electrode 
rotation) is sometimes used to overcome natural convection and to produce a 
repeatable mass transport profile o f an experiment [8]. In the context of 
bioelectrochemistry and bioelectrodes (electrodes modified with biological entities), 
forced convection is commonly employed to overcome potential diffusion-limitation 
o f a reactant to the biocatalyst (usually entrapped within a matrix that may introduce 
mass-transport limitation).
Ion migration results from the presence o f an electrostatic field (apparent when 
an electrode/solution potential drop is introduced); electrostatic force is exerted on 
ionic species following the application of potential to an electrode, which results in 
electrostatic attraction/repulsion of that species (to or from the electrode) in the form 
o f mechanical movement and ionic mobility. Migration of species can also be 
coupled with diffusion mass transport effects; migration can induce movement o f a 
species towards an electrode, where a change in diffusion gradient (due to reactant 
depletion) can accelerate movement of the species towards the electrode. Typically, 
migratory effects can be eliminated by the use of a background electrolyte; for 
electrochemical investigation into species A, a non-redox active (normally) species is 
introduced into the solution at a much greater concentration than the species of 
interest, which can “quench” electrostatic force that may be exerted upon 
species A [8 , 10].
2.1.4. Faradaic and Non-Faradaic Processes
A faradaic reaction between a species and an electrode is one that involves electron 
transfer between the said species and the electrode whilst obeying Faraday’s laws of 
electrolysis; thus, a non-faradaic process is one that does not involve electron transfer 
which obeys these laws.
An example of a non-faradaic process is the electric double layer (EDL), which 
results from the application of potential to an electrode. The electrode then possesses 
a net charge; an electron source has an overall negative net charge whereas an 
electron sink is electron deficient and possesses an overall positive charge. Thus, 
charged electrolyte species (including other ions and even solvent) can be 
electrostatically attracted or repelled to/from an electrode surface (to balance the 
charge at the electrode); the Helmholtz, Gouy-Chapman, and Stem models are
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commonly used to visualise the EDL; these models assume the absence o f faradaic 
processes [11].
The presence o f an EDL capacitance results in a charging current (a current 
response arising from the EDL capacitance). For potential sweep experiments (such 
as linear sweep voltammetry (LSV) and cyclic voltammetry (CV)), a charging 
current is present throughout the experiment due to a constant change in potential 
that is applied to the electrode; potentiostatic experiments can be used to eliminate 
charging currents, whereby charging currents decay as a function o f solution 
resistance and the double-layer capacitance [12]. In bioelectrocatalysis catalytic 
currents (current changes arising from the bioelectrocatalytic oxidation o f reduction 
of a substrate) are typically determined from a steady-state potentiostatic experiment. 
Catalytic currents can be reported from potential sweep experiments, but scan rates 
are usually provided to indicate the magnitude of the charging current.
2.1.5. Galvanic and Electrolytic Electrochemical Cells
In a two-electrode electrochemical cell (containing an anode and a cathode). 
Equation 2.11 thermodynamically relates Gibbs free energy (AG) to the potential 
difference {E) o f a redox reaction:
AG = -nFE„„
Equation 2.11
where n is the number and moles of charge passed, and or Eceii, is the total cell 
potential difference (Equation 2.12):
^ c e ll  ^cathodic ~ ^anodic  
Equation 2.12
Measurement of the cathodic and anodic standard electrode potentials (Ff) under 
standard conditions (1 M and gases at 1 atm pressure) allows for calculation o f the 
equilibrium constant (Krxn) of the overall electrochemical reaction (Equation 2.13):
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R T  In Kr,„ =  AG® = -nF E f„„
Equation 2.13
Thus, by convention, if  E^ rxn (or Xf cell) is > 0 then the overall electrochemical cell 
processes possess a negative Gibbs free energy and the processes at the anode and 
cathode are therefore spontaneous; this is known as a galvanic cell. In contrast, if 
F^ ceii is < 0 then the electrochemical cell processes are not spontaneous and electrical 
energy is required to produce chemical energy; this is known as an electrolytic cell 
[2, 4].
2.1.6. Randles-SevcikEquation
Pick’s first and second laws (Equation 2.8 and Equation 2.9) can be used to 
determine the diffusion coefficient of a redox-active species, using 
chronoamperometric (CA) measurements. The Randles-Sevcik equation can be used 
to determine the diffusion coefficient o f a redox-active species by cyclic 
voltammetry (CV) (Equation 2.14) [13]:
n F v D  1
ip = 0.4463 n F A C (r^ )2
Equation 2.14
where ip is peak current (amperes), n is the number of electrons transferred, A is the 
area o f the electrode (cm^), D is the diffusion coefficient (cm^ s'^), C is the 
concentration (mol cm"^) and v is the scan rate (V s'^).
2.1.7. Two and Three Electrode Electrochemical Cells
As mentioned above, a WE is typically coupled with a RE to allow investigation into 
processes taking place at the WE. This 2-electrode electrochemical cell configuration 
can be used for applications when small (or no) currents are expected to flow 
between the WE and RE; recommended maximum currents and internal resistances 
( / R s )  are < 10 \iA and < 100 H (corresponding to < 1 mV), respectively [3]. iRs is 
defined as the internal resistance of the solution between the electrodes; when an
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over-potential is applied to a WE by the user, the instrumentation may apply small 
changes in potential (with respect to the RE potential) to account for a decrease in the 
actual potential that is applied at the WE (due to iRs). For experimental 
configurations that require investigation in highly-resistive solutions (usually non- 
aqueous electrolytes or large-scale electrochemical cells), ultramicroelectrodes 
(UME) are usually employed; these electrodes typically have a diameter of < 25 pm, 
which can result in the measurement of currents of the order of 1 nA (permitting iRs 
values of up to the order of MÜ) [3].
Another experimental configuration that can be used to overcome the effects of 
internal resistance is the 3-electrode electrochemical cell; in this configuration, a 
third electrode (counter electrode, CE) is employed whereby a potentiostat controls 
the potential of the WE against the RE, and the current flows between the WE and 
the CE. Typically, CEs are comprised of chemically-inert materials (e.g. Ft) and 
possess a surface area that is significantly larger than the WE (to ensure no current 
limitation at the CE). The incorporation of a CE also permits investigation into 
studies where larger currents are expected to flow; a large current flowing through a 
RE could result in a chemical change of the RE, resulting in a change in the potential 
of the RE [3]. A potentiostat is an instrument that regulates the potential difference at 
the WE by monitoring it against the RE, whilst applying the required current through 
the CE [10].
Figure 2.2 illustrates experimental configurations of 2- and 3-electrode 
electrochemical cells.
Potentiostat
W E I I R E WE
P otentiostat
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Figure 2.2 -  Operational schematic diagram o f  2- and 3-electrode electrochemical cells.
As mentioned above, the SHE is the primary RE relative to which most standard 
redox couple potentials are reported; Hi gas (1 atm pressure) is bubbled across a Pt 
electrode which is suspended in 1 M H2SO4 (at 298 K). Equation 2.15 shows the 
reversible redox reaction that takes place at the SHE.
2ÎE ( a q )  + 2e' ^  H2 (g)
Equation 2.15
Since the use of a SHE RE requires H i gas to be bubbled through the electrolyte, 
secondary REs are commonly used; the potentials of these REs are quoted against a 
SHE. Two common secondary REs are the silver/silver chloride (commonly written 
as Ag/AgCl) and the saturated calomel electrode (SCE, for which the redox couple is 
mercury-mercury chloride in water containing KCl (saturated))). Equation 2.16 
shows the reversible redox reaction that takes place at the Ag/AgCl RE [1].
AgCl(s) +  e'(m) ^  Ag(s) +  Cl'(aq)
Equation 2.16
Ag/AgCl REs are prepared by suspending Ag wire into a solution o f KCl, which 
results in the formation of a “slightly-soluble” metal salt (AgCl) at the surface of the 
Ag wire. The presence o f C f (introduced by KCl) results in a change in the solubility 
of AgCl, which results in a change in the reference potential o f the RE (Equation 
2.17). Therefore it is important to state the concentration o f CE within the RE, 
although strictly the potential o f the Ag/AgCl RE is dependent on the activity 
of C r [1,14]:
56
Chapter 2: Electrochemistry Background and Experimental Details
R T
^  Ag =  ^Ag+\Ag +  - ^ ^ r i [ A g ' ^ ]  
AgCl ^
-  pO [C1-]
Ag+|Ag F  K
'  ^ s p
R T
'Ag/AgCl p  
Equation 2.17
=  E L / a s c i  -  - ; r l n [ C l  ]
where at 298 K and in 1 M Cl' (using a solubility product (Ksp) o f 1.58 X 10"^  ^moP 
dm’^  for AgCl and an o f +0.8 V), the reference electrode potential is 0.221 V vs. 
SHE [14].
2.1.8. Electrochemical Methods
Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) are usually the first 
diagnostic tools that are used to evaluate electrochemical behaviour, due to their 
simplicity and relatively short operational time window [8]. Both techniques are 
usually performed in a hydrostatic electrolyte, and the results therefore rely heavily 
on diffusion of a reactant to the electrode (Pick’s first and second laws, Equation 2.8 
and Equation 2.9).
Typically, LSV consists o f sweeping the potential o f the WE from a potential 
at which (in the case o f oxidation) the reactant is not oxidised at the electrode {E\) to 
a potential at which oxidation occurs (£”2). CV is essentially the same a sequence of 
back-to-back LSVs; in the example above, a CV would sweep from E\ to £2 and then 
sweep in the reverse direction. The rate at which the potential is swept between E\ 
and £2 is referred to as the scan rate (v). As the potential is swept from E\ the 
reactant begins to become oxidised by the electrode (once the potential passes £^ ); 
as the potential becomes more oxidative the electrochemical rate constant for the 
oxidation of the reactant becomes larger (as shown by the Butler-Volmer equation. 
Equation 2.5).
In response, the observed current initially increases in magnitude, although the 
current eventually reaches a maximum and is followed by a decrease in current; this
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results in a “peak” (in this case, an oxidation peak). This is because the oxidation of 
the reactant at the electrode results in the depletion of the reactant within the 
diffusion layer o f the electrode; fresh reduced reactant must diffuse from the bulk 
electrolyte and thus, the voltammogram is limited by diffusion (relating to flux. 
Equation 2.3). Therefore, LSV and CV can be used to evaluate diffusion coefficients 
o f electroactive species (as demonstrated by Equation 2.14). Furthermore, the peak 
current (ip) that results from the oxidation or reduction of a reactant is dependent on 
v; faster scan rates result in smaller effective diffusion layer thicknesses at electrode 
surfaces, thus the flux is larger and an increased ip is observed [8]. For diffusion- 
limited oxidation and reduction reactions at electrodes, ip is directly proportional to 
the square root of v; in contrast, the ip for the oxidation or reduction o f an electro­
active species that is adsorbed onto the surface o f an electrode (thus not relying on 
diffusion to reach the electrode surface) relates directly to v (and not the square root 
o f v) (Equation 2.18):
Equation 2.18
where E* is the surface coverage of an adsorbed species (mol cm'^) [15].
Chronoamperometry (CA) is the measurement o f current over time, following 
the application of potential or multiple potential steps. As mentioned above, charging 
currents (due to EDL capacitance) are constantly observed in LSV and CV 
experiments, due to the continuous change in applied potential (at the WE); 
potentiostatic experiments (such as CA) allow investigation into faradaic behaviour 
(or further catalytic studies) where the charging current rapidly diminishes [12].
2.1.9. Electrochemical Bioelectrocatalysis
CA is also a very useful tool for the study o f bioelectrocatalysis at an electrode 
whereby the oxidation or reduction of an enzyme’s substrate can be investigated. 
Typically an oxidative potential is applied at the electrode (for bioelectrocatalytic 
oxidation) with respect to the formal potential (£® ) of the enzyme’s redox co-factor
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(in the absence o f substrate); once the current has stabilised (where charging currents 
have diminished and other possible reactions have been exhausted, e.g. on the 
complete oxidation of any electron mediator) an enzyme’s substrate is added to the 
electrolyte, resulting in an oxidative current change (assuming that the substrate is 
not normally oxidised at this applied potential in the absence of the enzyme).
2.1.10. Ultra Violet-Visible Light Spectroscopy
Ultra violet-visible light spectroscopy (UV-Vis, or UV spectroscopy) quantifies the 
ability of a molecule to absorb light of a given wavelength, as a function o f the 
transmission o f light through a sample (from a source to a detector) where 100% 
transmittance (7) corresponds to zero absorbance (A). The Beer-Lambert law is 
commonly used to determine the concentration o f a species, using the species’ molar 
absorption coefficient (molar absorptivity, molar extinction coefficient, s) which can 
be experimentally determined in the absence o f a literature value [16]. Equation 2.19 
relates the Beer-Lambert law to A and T:
A  =  -log-j^o — =  e e l  =  2 -  l o g ^ o T / %  
h
Equation 2.19
where c is concentration (mol dm'^, M) and / is the cell path length (cm); A is 
dimensionless, 6 is in M'^ cm '\ land Iq are the transmitted and incident intensities.
UV spectroscopy can be used to determine enzymatic activities specific to a 
given substrate (Equation 2.20) [17-19]; typically, a redox indicator is used that can 
be oxidised or reduced by the enzyme (when a substrate is present), where oxidation 
or reduction results in a change in absorbance spectrum of the species.
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f j  _  ^ a b s  ^  ^ t o t a l  ^  ^U y  —   -------------------------------------------------------------------------------------------------------------------------------
 ^ ^  ^assay ^  ^ X Ys^^yme
U m g   ^ =  -— — .
[protem]
Equation 2.20
where Uy is the specific volumetric activity o f the enzyme (U mL‘ )^, Aabs is the 
change in absorbance for the time (4ssay) of the experiment (Aabs is dimensionless, 
whereas t is in minutes), Uotai is the total volume of the assay (in mL), d  is the 
dilution factor, / is the path length of the cuvette (in cm), s is the molar absorptivity 
o f the redox indicator (in mM'^ cm'^), Fenzyme is the volume of the enzyme fraction in 
the assay (in mL) and {protein] is the concentration o f protein (or enzyme, mg mL'^). 
U (the international unit o f enzyme activity) is defined as the quantity required 
to catalyse the formation of 1 pmole o f the product per minute (under specified 
conditions); U mg'^ is calculated from the volumetric enzymatic activity.
2.2. Experim ental Details
2,2.1. Chemicals
Glucose oxidase (GOd, Aspergillus niger, 200 U mg \  EC: 1.1.3.4), laccase 
(Trametes versicolor, > 10 U m g \  EC: 1.10.3.2), catalase (bovine liver, 2000-5000 
U m g '\ EC: 1.11.1.6), albumin from bovine serum (BSA), glucose, citric acid, 
sodium citrate, sodium phosphate, sodium chloride, sodium fluoride, hydrogen 
peroxide (30% w/v), Nafion® per-fiuorinated resin solution, Nafion® perfluorinated 
membrane (212, proton exchange membrane), paraffin wax, flavin adenine 
dinucleotide (di-sodium), 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS), hydrogen peroxide (30% w/w), 1-ethyl-3-methylimidazolium acetate, 
cellulose, ferrocenecarboxaldehyde, 1 -ethyl-3-(3-(dimethylamino)propyl)- 
carbodiimide methiodide (EDC methiodide), 2-[4-(2-hydroxyethyl)piperazin-l- 
yl]ethane sulfonic acid (HEPES), human serum (frozen liquid), calcium chloride and 
tetrabutylammonium bromide (TBAB) were purchased from Sigma-Aldrich, and
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used as received. Nanocyl-3100 series multi-walled carbon nanotubes (MWCNTs) 
were purchased from Nanocyl (Belgium). Ethyleneglycoldiglycidylether (EGDGE) 
was purchased from the Tokyo Chemical Industry UK Ltd. and Polysciences Inc., 
and used as received. Flavin adenine dinucleotide-dependent glucose dehydrogenase 
(FAD-GDFl, Aspergillus sp., 1150 U m g '\ EC: 1.1.99.10) and bilirubin oxidase 
(BOd, Myrothecium sp., > 1.2 U m g '\ EC: 1.3.3.5) were kindly donated by Sekisui 
Diagnostics (UK), and used as received. Toray carbon paper (TGP-H-060, non-wet 
proofed) was purchased from Alfa Aesar (UK), and used as received. Sartorius 
Vivaspin 500 protein concentration centrifuge tubes (Sartorius Stedim Biotech, 30 
kDa molecular weight cut-off) were purchased from Fisher Scientific (UK). 
Hydroxylated MWCNTs were purchased from www.cheaptubes.com 
(1.76% hydroxylated). Carbon cloth loaded with Pt (60% Pt supported on Vulcan 
XC-72, 0.5 mg cm'^) was purchased from www.fuelcellstore.com. The water used 
throughout this study was taken from a Millipore Type 1 (Ultrapure) Milli-Q System.
2.2.2. Instrumentation
Electrochemical analyses were conducted using AutoLab (PGSTAT302N and 
PGSTAT12) potentiostats (EcoChemie, Netherlands) and Digi-IVY (DY2100 and 
2300) mini-potentiostats (Digi-IVY Inc., USA). UV spectroscopy was performed 
using a Thermo Scientific® Evolution 260 Bio UV-Visible Spectrophotometer and a 
Biochrom Libra S60 Double-Beam UV-Visible Spectrophotometer. Pt (either wire or 
mesh) electrodes were used as counter electrodes in three-electrode and 
bipotentiostatic electrochemical experiments; Ag/AgCl (3 M KCl) and SCE 
reference electrodes were used (purchased from Bioanalytical Systems Inc.). Glassy 
carbon (GC, 3 mm diameter) electrodes were also purchased from Bioanalytical 
Systems Inc. Rotating disk electrodes (RDE, 5 mm diameter, RDE0008) were 
purchased from Pine Research Instrumentation (Pennsylvania, USA) and RDE 
studies were performed using a IviumStat bipotentiostat (Ivium Technologies, 
Netherlands) and an RDE rotator and control module (636A, purchased from 
Princeton Applied Research, Tennessee, USA).
Experiments were performed in thermostatic conditions (22 ± 1°C), using a 
Clifton water bath (with circulator). Experiments that could not be thermostatically 
controlled were performed at room temperature. Electrolyte air-purging was
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performed using a fish-tank aeration pump. Nitrogen and argon gas-purging was 
performed using Nitrogen (oxygen free) and Pureshield Argon, both purchased from 
BOG Industrial Gases (UK).
2.2.3. General Methods
Workin2 Electrode Preparation
Before use, GC electrodes were successively polished using 1 and 0.5 pm alumina 
(purchased from Bioanalytical Systems Inc.). The cleanliness o f the GC electrode 
surfaces was evaluated by CV using K3[Fe(CN)6] (1 mM) in KCl (0.5 M); the 
separation of the oxidation and reduction peaks for the 1-electron reversible 
oxidation and reduction o f the Fe^^/Fe^^ couple is expected to be separated by 
approximately 59 mV (25 °C), as explained by Equation 2.21 [8]:
R T  
=  2.218  —
 ^  ^ u F
Equation 2.21
where and E ^ \  are the potentials o f the oxidation and reduction peaks (V), 
which are independent of scan rate. The reversibility o f the Fe '^ /^Fe '^  ^redox couple is 
lost on a poor GC electrode surface, and thus CV gives an indication of the quality of 
the GC electrode surface whilst allowing comparison between the surfaces of 
multiple GC electrodes.
Toray paper electrodes are prepared by cutting the Toray paper into flag-shape 
electrodes (Figure 2.3). Paraffin wax is melted on a hot plate, and the remainder o f 
the electrode is dip-coated, resulting in a Toray paper electrode with a geometric 
surface area of 1 cm^.
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Untreated
Wax-coated
1 cm
1 cm
Figure 2.3 -  Preparation o f a Toray paper electrode.
Buffers/Electrolytes
Citrate/phosphate buffers were prepared using 0.2 M citric acid and 0.2 M dibasic 
sodium phosphate (Na2HP04 ); the solutions were added together at different ratios to 
reach the desired pH.
Glucose solutions (2 M) were prepared fresh 24 hours prior to investigation (in 
the buffer to be used for electrochemical investigation) and solutions were stored at 
4°C to allow for mutarotation (for 24 hours).
Dissolved O2 concentrations were determined using a standard Clark-type 
electrode (purchased from Thermo Scientific).
2.2.4. Bioelectrode Preparation Procedures
RTlL/MWCNTs/cellulose Matrix
Multi-walled carbon nanotubes (MWCNTs) were purchased from Nanocyl (3100 
series, Belgium) and partially oxidised; the MWCNTs (2 g) were refluxed in nitric 
acid (2.6 M, 300 mL) for 10 hours, followed by vacuum filtration and rinsing with 
water (until the filtrate was pH neutral). The MWCNTs were then dried in a vacuum 
oven for 12 hours (80°C) [20].
Cellulose was dissolved in a room-temperature ionic liquid (RTIL), followed 
by the inclusion of the oxidised MWCNTs (RTIL/MWCNTs/cellulose matrix). 
Firstly, cellulose (3% by weight) was added to l-ethyl-3-methylimidazolium acetate 
(EMIM-acetate); the mixture was sonicated at 70°C for 60-90 minutes (until all of
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the cellulose was dissolved). The mixture was then allowed to cool to room 
temperature. Secondly, MWCNTs (0.1% by weight o f the RTIL) and the 
RTIL/cellulose solution were mixed by mortar and pestle (15 minutes) in a nitrogen 
atmosphere (to prevent moisture uptake by the RTIL). The resulting 
RTIL/MWCNTs/cellulose matrix was stored in a sealed vial (under nitrogen) in a 
vacuum desiccator. Where possible, all steps involving the use of the RTIL were 
performed under a nitrogen atmosphere (achieved by head-space purging or by 
working within a sealed glove-bag).
Bioelectrode Preparation: Methods 1-4
Method 1 bioelectrodes were prepared by applying 10 pL o f the 
RTIL/MWCNTs/cellulose matrix to a GC electrode (using a positive displacement 
pipette to aid with the viscosity o f the matrix); the GC electrode was then suspended 
in water for 10 minutes, resulting in the removal of the RTIL and reconstitution of 
cellulose (with embedded MWCNTs) on the GC electrode surface. The GC was then 
reduced to dryness (using a vacuum desiccator) and a 10 pL aliquot of GOd (80 mg 
mL )^ was added to the GC electrode; the electrode was then reduced to dryness 
(using a vacuum desiccator at 4°C) and the electrodes were stored dry at 4°C until 
use.
Method 2 bioelectrodes were prepared by adding lyophilised GOd directly to 
the RTIL/MWCNTs/cellulose matrix (at a final concentration of 80 mg mL'^); this 
mixture was then added to a GC electrode (10 pL). Once again, the resulting GC 
electrode was suspended in water for 10 minutes (to remove the RTIL). The GC 
electrode was then reduced to dryness (using a vacuum desiccator at 4°C) and stored 
at 4°C until use.
Method 3 bioelectrodes were prepared in reverse to method 1 bioelectrodes; 10 
pL of GOd (80 mg mL )^ was applied to the GC electrode and reduced to dryness 
(using a vacuum desiccator at 4°C). Once dry, the RTIL/MWCNTs/cellulose matrix 
(10 pL) was added to the GC electrode and allowed to soak (in a desiccator) for 10 
minutes; the GC electrode was then suspended in water for 10 minutes. Finally, the 
resulting bioelectrode was reduced to dryness (in a desiccator (CaCL) at 4°C) and 
then stored at 4°C until use.
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Method 4 bioelectrodes were prepared by pre-treating the GC electrodes with the 
MWCNTs (above); aqueous MWCNTs dispersions were created by the sonication of 
MWCNTs in water (0.1 mg mL'^) for 2 minutes. From this dispersion, 10 pL was 
applied to the GC electrode and reduced to dryness, resulting in one “layer” of 
MWCNTs; typically, 20 layers were applied to GC electrodes. Following the pre­
treatment of the GC electrodes with MWCNTs, the resulting GC electrode was 
modified with the same procedure used for the method 3 bioelectrodes.
Bioelectrodes for FAD control method 4 experiments were prepared by the 
replacement of GOd with the redox-active FAD co-factor (and the absence of 
enzyme); an equivalent loading o f FAD was used (the molecular weight o f GOd was 
assumed to be approximately 180 kDa (dimeric), consisting o f two 80 kDa 
monomers each containing a single FAD co-factor). Thus, an FAD solution with an 
approximate concentration of 0.7 mg mL'^ replaced the 80 mg mL'^ GOd solution 
[21].
Modification o f Glucose Oxidase with Ferrocenvlmethvl-6-aminocavroic Acid
Ferrocenecarboxaldehyde (0.69 g) was added to dimethylformamide (10 mL) and 
mixed with 6-aminocaproic acid (0.38 g in 5 mL of NaOH (2 M)); the resulting 
mixture was refluxed for 2 hours (at 80°C). After cooling, 2.5 mL o f a sodium 
borohydride solution (16.5 mM NaBH4 in water) was added (drop-wise) and the 
resulting mixture was left to stir for 12 hours. The mixture was acidified to pH 5 
(10% acetic acid) and the product was extracted with ethylacetate (3 times). After the 
removal o f the solvent by vacuum solvent distillation, the product 
(ferrocenylmethyl-6-aminocaproic acid, Fc-1) was recrystallised using hot ethanol 
(method adapted from [22]).
GOd was then modified with Fc-1 using EDC methiodide. Initially 25 mg of 
GOd was added to 40 mg of Fc-1 in 2 mL o f HEPES buffer (pH 7.3 and 0.1 M) 
containing 60 mg o f EDC methiodide. After 10 hours o f reaction at 4°C the Fc- 
modified GOd was separated from the starting Fc-1 by centrifugal filtration (at 4°C) 
using Vivaspin 500 protein centrifugal concentration tubes (Sartorius Stedim 
Biotech, 30 kDa molecular weight cut-off), followed by washing (6 times) o f the 
product with phosphate buffer (0.01 M, pH 7.3). The final product was concentrated 
to approximately 112 mg m L '\
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Bioelectrodes that contained Fc-modified GOd were prepared using the same 
preparation procedure that was used for the method 4 bioelectrodes (above), although 
7 pL o f the resulting Fc-modified GOd replaced the original solution of GOd (10 pL 
at 80 mg mL"^).
Ferrocene-srafted Linear Polvethvleneimine Prevaration
Ferrocene-grafted linear polyethyleneimine (Fc-Ce-LPEI) was prepared by Dr Fabien 
Giroud, at the University o f Utah. Firstly LPEI was synthesised, followed by the 
modification with (6-bromohexyl)ferrocene. Water (900 mL) and hydrochloric acid 
(HCl, concentrated, 300 mL) were added to a round-bottomed flask, followed by the 
addition o f poly(2-ethyloxazoline); this solution was then refluxed for 5 days. Once 
cooled, the solvent was removed by vacuum solvent distillation (taking care to avoid 
bumping). The resulting LPEI-HCl salt was then neutralised in 2.5 L o f water, using 
sodium hydroxide pellets. The solution was heated (whilst being stirred) to 80°C, 
followed by slow cooling to 10°C; the product precipitate was filtered and rinsed 
with water until the filtrate was pH neutral. ^H Nuclear magnetic resonance (NMR) 
spectroscopy was used to confirm the identity o f the product, with a single peak 
being observed at approximately 2.8 ppm (in deuterated-methanol) [23, 24].
The modification of the resulting LPEI with Fc was performed using the 
following procedure; initially the LPEI was dissolved in a mixture of acetonitrile and 
methanol (15:1) and the LPEI was dissolved by reflux (which was maintained 
throughout the experiment). Following complete dissolution o f the LPEI, 
(6-bromohexyl)ferrocene (Fc) was added drop-wise, yielding a final molar ratio 
between LPEI and (6-bromohexyl)ferrocene o f 5:1 (assuming a relative molecular 
mass of 43 g moF^ for a repeating unit o f LPEI. Once all o f the 
(6-bromohexyl)ferrocene was added the reaction was refluxed overnight. Following 
vacuum solvent distillation of the crude product, hexane was added to dissolve and 
separate the starting material; the mixture was left overnight. Further rinsing with 
hexane was performed and the final product (Fc-Cô-LPEI, referred to as Fc-LPEI in 
this study) was dried by vacuum filtration [25, 26].
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Prevaration o f Glucose Oxidase and FAD-dependent Glucose Dehvdrosenase 
Fc-LPEI Bioelectrodes
Fc-LPEI (60 pL, 12 mg mL‘  ^ in water), GOd or FAD-GDH (approximately 8.58 pL, 
13 mg mL'^ in water), MWCNTs (10 pL o f the aqueous dispersion mentioned above) 
and EGDGE (3 pL, 10% v/v in water) were briefly vortex-mixed in a 1 mL 
centrifuge tube. From the resulting solution, 10 pL was added to the surface o f a GC 
electrode (50 pL for Toray paper electrodes) and the electrodes were dried under a 
gentle positive air flow (at room temperature). Once dry, the resulting bioelectrodes 
were left out overnight (on a bench top). Prior to use, the bioelectrodes were gently 
rinsed with the buffer/electrolyte to remove any unreacted or loosely-bound 
enzyme/MWCNTs/Fc-LPEI. For control experiments, GOd or FAD-GDH was 
replaced with BSA (using the same mass o f protein).
Anthracene-modified Multi-Walled Carbon Nanotubes
Anthracene-modified multi-walled carbon nanotubes (Ac-MWCNTs) were prepared 
by Dr Fabien Giroud, at the University of Utah.
Approximately 2 g of 2-anthracenecarboxylic acid was added to 40 mL of 
benzene in a round-bottomed flask; two-molar equivalents of oxalyl chloride (2.3 g 
o f oxalyl chloride for 2 g of 2-anthracenecarboxylic acid) was added in a drop-wise 
fashion under a nitrogen atmosphere and the mixture was refluxed for 16 hours. 
Next, the solvent and excess oxalyl chloride was removed by vacuum solvent 
distillation and the crude product was rinsed with cold benzene. Hydroxylated 
MWCNTs (1 g) were added to 100 mL of acetonitrile, to which the anthracene-2- 
carbonyl chloride was added; for MWCNTs with hydroxyl-functionalities o f 1.5%, 
0.21 g of anthracene-2-carbonyl was added. The mixture was sonicated for 15 
minutes (to disperse the MWCNTs) and then refluxed overnight. After cooling, the 
Ac-MWCNTs were filtered from the solution and washed with acetonitrile, benzene 
and dichloromethane [27].
Tetrabutylammonium Bromide-modified Nafion®
TBAB (0.08 g) was added to a glass vial (containing ceria-stabilised zirconia beads); 
Nafion® perfluorinated resin solution (2 mL) was also added to the vial. The vial was 
vortex-mixed for 15 minutes, yielding a colourless/clear solution. The resulting
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solution was allowed to slowly dry on the bench-top for 24 hours. The film was 
rinsed once with water and then the product was soaked in water for 24 hours (to 
remove excess TBAB). The solution was removed with a pipette and the product was 
rinsed a further 3 times, with water; the product was then dried overnight (on the 
bench-top). The final product (TBAB-modified Nafion®) was then dissolved in 
ethanol (2 mL) by vortex-mixing for approximately 3 hours (using ceria-stabilised 
zirconia beads) [28].
Laccase/Ac-MWCNTs Bioelectrodes/Biocathodes
Laccase/Ac-MWCNTs bioelectrodes were then prepared using the Ac-MWCNTs 
and TBAB-modified Nafion® (above). Firstly, citrate/phosphate buffer (in which the 
laccase/Ac-MWCNTs bioelectrodes were to be evaluated in) was added to a small 
centrifuge tube (75 pL) containing laccase (crude, 1.5 mg); laccase was dissolved by 
gentle vortex-mixing. Ac-MWCNTs (7.5 mg) were then added to the tube and the 
resulting mixture was then treated using a combination of sonication and vortex- 
mixing: the tube was vortex-mixed for 1 minute, followed by sonication for 
15 seconds; this was repeated 4 times. TBAB-modified Nafion® was then added to 
this mixture (25 pL), followed by a further sonication and vortex-mixing cycle. A 
small paintbrush was then used to evenly divide this mixture between 3 wax-treated 
Toray paper electrodes (above); the electrodes were then dried under a gentle 
positive air flow [27].
BOd/Ac-MWCNTs Bioelectrodes/Biocathodes
BOd/Ac-MWCNTs bioelectrodes were prepared using the same method as for the 
preparation of the laccase/Ac-MWCNTs bioelectrodes (Toray paper electrodes).
2.2.5. Air-Breathing Oxygen-Reducing Cathodes
Carbon cloth loaded with Pt (60% Pt supported on Vulcan XC-72, 0.5 mg cm'^) was 
used as an air-breathing cathode; a Nafion® 212 perfluorinated membrane was used 
to act as a semi-permeable barrier between the anodic (wet) and cathodic (exposed to 
air) chambers. Initially, the Pt/C cloth was cut-to-size and soaked in water; the cloth 
was gently massaged to remove any trapped air bubbles. The Pt/C cloth and Nafion® 
212 membrane (also cut-to-size) were then sandwiched between two rubber gaskets 
and hot-pressed (104°C, 10,000 lbs o f force) for 10 minutes.
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The air-breathing cathode assemblies were treated with concentrated sulfuric acid 
(H2SO4) to protonate the Nafion® membranes; immediately prior to biological fuel 
cell (BFC) testing the concentrated H2SO4 was removed and the air-breathing 
cathode assemblies were soaked with the citrate/phosphate buffer electrolyte that was 
to be used for the BFC characterisation (3 cycles of 10 minutes).
2.2.6. Enzymatic Activity Assays
The specific enzymatic activities of GOd and FAD-GDH to glucose were 
investigated, using dichlorophenolindophenol (DCPIP) as a redox indicator.
Initially, the molar absorptivity (g) of DCPIP was determined at every pH (at 
their respective maximum absorbance’s, 2max (nm)) in which the specific enzymatic 
activities were to be investigated (Table 2.1).
Table 2.1 -  Molar absorptivity o f dichlorophenolindophenol between pH 4.5 and 8.
pH Lmax (nui) Molar Absorptivity (e) / mM^ cm’^
4.5 515 4.65
5.5 558 4.85
6 596 7.15
6.5 601 9.77
7 605 10.22
7.5 605 11.20
8 603 10.83
Firstly, stock solutions of DCPIP (0.7 mM in water), glucose (1 M in water) and 
either GOd (0.5 mg mL'^ in water) or FAD-GDH (1 pg mL"' in water) were 
prepared. A stock buffer/redox indicator/glucose solution was prepared, whereby 
8.5 mL of citrate/phosphate buffer (50 mM), 0.5 mL of the DCPIP solution and 1 mL 
of the glucose stock solution were mixed. Lastly, 1.45 mL of this solution was added 
to a cuvette (/ = 1 cm), followed by 50 pL of the enzyme solution (either FAD-GDH 
or GOd); the solutions were mixed in the cuvette (by stoppered inversion) and placed 
in the UV spectrophotometer. The absorbance o f the solution was then continually 
measured at Lnax for 3 minutes.
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A similar method was also used to determine the specific enzymatic activities of 
laccase and BOd; the activity towards O2 was determined using ABTS as a redox 
indicator. Stock solutions of ABTS (0.54 mM in water), citrate/phosphate buffer (50 
mM in water) and laccase/BOd were prepared (0.1 mg mL'^ in water). ABTS (0.125 
mL), citrate/phosphate buffer (1.36 mL) and laccase/BOd (12.5 pL) were then added 
to a cuvette and mixed by inversion; the absorbance o f the solution was then 
measured (1 = 420 nm) for 3 minutes. A molar absorptivity o f 36.8 mM’  ^ cm‘  ^ for 
ABTS was used [29].
Blank experiments were performed, whereby enzyme aliquots were replaced 
with water.
2.2.7. Human Serum Biological Fuel Cells
Human serum was purchased from Sigma-Aldrich (as mentioned above) as a frozen 
liquid and was defrosted overnight in a refrigerator; the serum was divided into 
aliquots over a naked flame (to prevent infection). No further treatment o f the serum 
was performed.
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3. Investigation into Direct Electron Transfer of Glucose 
Oxidase
3.1. Introduction
Direct electron transfer (DET) from the FAD (flavin adenine dinucleotide) of glucose 
oxidase (GOd, B.C. 1.1.3.4) to an electrode could be used to improve biosensors and 
enzymatic biological fuel cells (BFCs), as described in Sections 1.2.3. and 1.2.7. of 
Chapter 1; DET removes the need for additional electron mediators (mediated 
electron transfer, MET) to be incorporated into devices and may also improve the 
theoretical maximum open-circuit potential (OOP) of enzymatic BFCs, due to the 
relatively low redox potential of the FAD/FADH2 redox couple (-0.32 V v.9. 
Ag/AgCl (3M )atpH  7) [1].
DET of GOd has been extensively studied; Figure 3.1 reports the number of 
published articles related to DET of GOd between 2003 and 2013 (obtained by 
searching “Glucose oxidase direct electron transfer” within the Web of Knowledge 
database (http://apps.webofknowledge.com/), accessed on 18'  ^November 2013).
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Figure 3.1 -  Report o f published articles related to a search o f “Glucose oxidase direct electron 
transfer” within the Web o f Knowledge database (http://apps.webofknowledge.com/), accessed on 18""
November 2013.
Many different electrode architectures are designed to obtain DET between the FAD 
co-factor and the supporting electrode, where materials and strategies include:
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modification of carbon electrodes with “molecular wires” [2]; the mechanical 
compression of GOd and multi-walled carbon nanotubes (MWCNTs) [3, 4]; the 
adsorption of GOd onto different carbon nanotube (CNT) and carbon-based 
architectures [5-12]; and, the deglycosylation o f GOd (to shorten the electron 
tunnelling distance between the deeply buried FAD co-factor and the supporting 
electrode [13]. Our research group has also previously published DET of GOd on a 
glassy carbon (GC) electrode, where glucose oxidase was immobilised by physical 
entrapment onto the GC electrode by the reconstitution of cellulose, dissolved within 
a room-temperature ionic liquid (RTIL) [14].
In many o f these studies DET of GOd is assumed to be confirmed by the 
presence of a pair of redox peaks in the potential region of the FAD/FADH2 redox 
couple (Equation 3.1); glucose is also added, where a change in cyclic voltammetry 
(CV) trace confirms that DET o f GOd has been achieved.
GOdiFAD) +  2 e~ +  2 H* GOd^FADH-^)
Equation 3.1
There is some confusion over the response o f the DET-based GOd bioelectrodes in 
the presence o f glucose; most reports observe a change in the behaviour o f the CV 
trace following the addition of O2 to the electrolyte. The presence o f O2 induces a 
shift in the FAD/FADH2 peaks to a more negative current, but glucose additions then 
return the shape o f the CV trace to its original form. Figure 3.2 illustrates the 
interaction of GOd with glucose and O2.
glucose y -  GOd (FAD) ' x  /"H.O.X X^  GOd (FADH.) ^  O,glucono lactone
Figure 3.2 -  The interaction o f  GOd with glucose and O2.
Plotting the change in current as a function of the glucose concentration gives rise to 
a Michaelis-Menten-type curve, suggesting that enzyme saturation kinetic restraints
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are being observed; once again, this confirms the bioeleetrocatalysis of GOd. Figure 
3.3 illustrates a representative CV trace for a GOd-containing bioelectrode exhibiting 
DET under different conditions.
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Figure 3.3 -  Representative cyclic voltammograms o f a GOd bioelectrode (reportedly exhibiting 
DET), in a Ni-pnrged electrolyte (black), air-purged buffer (red) and an air-purged buffer containing 
2 mM glucose (red, dashed) -  data produced by author.
In a Ni-purged electrolyte (when none of the substrates of GOd are present (black 
line)), a pair of redox peaks are observed at approximately -0.4 V (vs. a given 
reference electrode); these peaks are often attributed to the FAD/FADH2 redox 
couple, and reflect DET between FAD (within GOd) and the electrode. Upon the 
introduction of air into the electrolyte (red line), the CV trace shifts to more negative 
currents. The addition of glucose to the aerated electrolyte (red, dashed line) then 
shifts the CV trace to more positive currents (although the currents are still lower 
than those observed in the Ni-purged buffer). As this shift resulting from the addition 
of glucose is not observed in control experiments that do not contain GOd, it is 
commonly rationalised as a bioelectrocatalytic response to glucose by GOd, and thus, 
confirms DET between GOd and the electrode.
Some of the results presented below have been published in the RSC journal 
“Physical Chemistry Chemical Physics”, and are attached in Appendix A [15].
3.2. Aims and Objectives
Our research group have previously published work to show the DET of GOd 
{Aspergillus niger) on a glassy carbon electrode (comprised of cellulose and
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MWCNTs) [14]. Following this work, initial aims o f this chapter were to investigate 
and optimise DET of GOd on a MWCNTs-based electrode.
Objectives:
• further investigate DET o f GOd obtained at the published bioelectrode 
architecture.
• optimise the design o f the GOd bioelectrode to obtain maximal direct 
bioeleetrocatalysis.
• determine the potential o f the resulting GOd bioelectrode for inclusion into an 
enzymatic BFC as the anodic (glucose-oxidising) component.
3.3. Preparation of GOd Bioelectrodes
RTILs have been shown to act as useful solvents for the dissolution of cellulose; 
after dissolution, the dry cellulose-containing RTIL solution can be deposited onto 
electrode surfaces [14, 16]. Once submerged in water, hydration o f the RTIL lowers 
the solubility o f cellulose in the RTIL/water solvent, eventually reconstituting 
cellulose on the surface o f the electrode. Furthermore, RTILs can effectively disperse 
MWCNTs, and the incorporation of MWCNTs into the RTIL/cellulose solution can 
lead to the reconstitution o f a MWCNTs-containing cellulose matrix on an electrode 
surface [14, 16].
Four differing bioelectrode architectures were investigated, and their ability to 
immobilise GOd on GC electrodes (whilst obtaining DET between GOd and the GC 
electrode) was evaluated. Figure 3.4 illustrates the different electrode preparation 
methods that were investigated within this study.
Method 1 bioelectrodes were prepared by applying a 10 pL aliquot o f the 
RTIL/MWCNTs/cellulose mixture to the surface o f a GC electrode, followed by the 
reconstitution of a MW CNT s-containing cellulose matrix on the GC electrode 
surface (by rinsing the electrode with water). The electrode was then dried. A 10 pL 
aliquot of GOd (80 mg mL'^) was then applied to the modified electrode, and left to 
dry. Electrodes were stored at 4°C until used.
Method 2 bioelectrodes (as per [14]) were prepared by directly mixing the 
lyophilised GOd into the RTIL/MWCNTs/cellulose matrix (80 mg mL'^). A 10 pL
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aliquot of the resulting mixture was the applied to the GC electrode surface, followed 
by rinsing with water. Electrodes were left to dry, and were stored at 4°C until use.
Method 3 bioelectrodes were prepared in the reverse order to method 1; a 
10 pL aliquot of GOd (80 mg mL'^) was applied to the surface of the GC electrode 
and left to dry. Then, a 10 pL aliquot of the RTIL/MWCNTs/cellulose matrix was 
applied over the GOd layer; the electrode was then rinsed with water, and left to dry. 
Electrodes were stored at 4°C until use.
Finally, method 4 bioelectrodes were prepared with the same procedure as 
those made by method 3, however the GC electrode was first pre-modified with 
oxidised MWCNTs primer layers (discussed in Chapter 2) to aid interaction and 
DET between GOd and the GC electrode. An aqueous MWCNTs dispersion was 
obtained by the sonication of MWCNTs in water (0.1 mg mL'^), and 10 pL aliquots 
of this dispersion were applied to the GC electrode surface. Each layer of MWCNTs 
is obtained by applying a 10 pL aliquot of the MWCNTs dispersion to the GC 
electrode (followed by drying) in a layer-by-layer fashion. Lastly, it was found that 
the inclusion of the MWCNTs primer layers on the GC electrode gave added 
structure support to the bioelectrode; the absence of the MWCNTs primer layer led 
to the MWCNTs/cellulose component peeling from the electrode surface over time. 
The application of a 10 pL aliquot of GOd (80 mg mL’’) results in the 
immobilisation o f 0.8 mg of GOd per electrode (assuming 100% immobilisation).
J3C^ VGC,
2 3
Method
G O d
M W C N T s/c e llu lo s e
M W C N T s/c e llu lo s e /G O d
M W C N T s
Figure 3.4 -  Electrode preparation methods 1 -4, for 4 differing GOd-containing bioelectrode
architectures.
78
Chapter 3: Investigation into Direct Electron Transfer of Glucose Oxidase
For this chapter, all bioelectrodes and control electrodes were prepared on GC 
electrodes, with a geometric surface area 0.07 cm^ (3 mm diameter). Rotating disk 
electrode (RDE) experiments were prepared on GC electrodes, with a geometric 
surface area of 0.19 cm^ (5 mm diameter); loadings were scaled accordingly.
3.3.1. Comparison o f  Methods 1-4
CV was used to evaluate the performance of the method 1-4 bioelectrodes (as a 
function of the magnitude of DET observed between GOd and the electrode). 
Electrochemical analysis was performed with 0.2 M citrate buffer acting as the 
background electrolyte; the electrolyte was purged with N] to remove O2. Figure 3.5 
presents CV traces of the method 1-4 bioelectrodes (optimised), at a scan rate of
100 m V s ' .
For all methods, reduction and oxidation peaks are observed at 
approximately -0.42 and -0.36 V (vj'. Ag/AgCl), respectively, which are 
characteristic of the FAD/FADH2 redox couple and co-factor of GOd, and may 
suggest DET between GOd and the electrode was obtained for all 4 bioelectrode 
preparation methods. Interestingly, method 4 gave dramatically larger oxidation and 
reduction peak current densities (when compared to methods 1 -3), with an increase 
of approximately 20-fold suggesting improved DET communication (Figure 3.6).
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Figure 3.5 -  Representative cyclic voltammograms o f bioelectrodes prepared with methods 1 -4 
(optimised), performed at a scan rate o f 100 mV s ' and with a GOd loading o f approximately 0.8 mg 
per electrode. The background electrolyte was 0.2 M citrate buffer, at pH 6.0 (N^-purged). The inset 
presents scaled cyclic voltammograms o f the method 1 -3 bioelectrodes.
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Figure 3.6 -  Comparison reduction peak currents for GOd bioelectrodes prepared by methods 1-4.
Data shown as mean ± SD (n = 3).
3.3.2. Optimisation o f Method 4
Multi-Walled Carbon Nanotube Primer Lavers
Initial investigations of the method 4 bioelectrodes were performed with 3-5 
MWCNTs layers; improved electrochemical responses were observed, so further 
investigation into the number of primer MWCNTs layers was performed (Figure 
3.7).
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Figure 3.7 -  Cyclic voltammograms o f method 4 bioelectrodes with MWCNTs primer layers ranging 
between 1-30, at a scan rate o f  100 mV s ' and with a GOd loading o f approximately 0.8 mg per 
electrode. The background electrolyte was 0.2 M citrate buffer, at pH 6.0 (N2-purged). The inset 
presents the peak currents for the reduction peaks (FAD/FADH,) o f the method 4 bioelectrodes.
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It was found that the optimal number of MWCNTs primer layers was approximately 
20; furthermore, 20 layers could be applied over the course o f a day. In line with 
many scientific reports that identified the DET of GOd on MWCNTs (given in 
Section 3.1 o f this Chapter), it was hypothesized that the increase in observed DET 
was most likely due to increased interaction and electronic communication between 
the enzyme (more specifically, the FAD co-factor) and the MWCNTs. In an attempt 
to shorten the drying time o f each primer layer and increase the MWCNTs loading 
per layer, dispersions o f MWCNTs in different solvents (tetrahydrofuran (THF), 
ethanol and propanol) were investigated.
Stable dispersions were obtained in ethanol (for at least 2 days); stable 
dispersions in THF and propanol were not obtained. The use o f ethanol as a solvent 
for the dispersion of the MWCNTs was found to dramatically increase the number of 
layers that could be applied per day (due to the volatility o f ethanol relative to water); 
however, further investigations with the method 4 bioelectrodes suggested that there 
was a lower loading of MWCNTs per electrode. This suggests that the concentration 
of dispersed MWCNTs in ethanol was lower than the concentration o f dispersed 
MWCNTs in water.
GOd Loadin2
An optimum MWCNTs primer layer loading o f 20 layers was adopted, to optimise 
the loading of GOd applied to each bioelectrode. CV was used to determine the 
optimum loading o f GOd per electrode with comparison of the magnitude o f the 
reduction peak current at a scan rate of 100 mV s'  ^ for each loading of GOd. A range 
o f 0.1 -  2.5 mg of GOd (per electrode) was investigated, where the activity o f GOd 
was specified to be approximately 200 U mg'^ (where 1 U corresponds to the 
quantity o f enzyme required to oxidise 1 pmol of glucose per minute at pH 7 and 
25°C (Sigma Aldrich UK)). It was concluded that the optimum GOd loading per 
electrode was approximately 0.8 mg; increasing the GOd loading results in a steady 
decrease in the magnitude o f the reduction peak current density (Figure 3.8).
Following investigation into the number o f MWCNTs primer layers and the 
optimal GOd loading per electrode, 20 MWCNTs primer layers and a GOd 
concentration of 0.8 mg per electrode were subsequently used throughout this study.
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Figure 3.8 -  Effect o f  GOd loading (per electrode) on the reduction peak current density o f  the GOd 
bioelectrodes, determined by cyclic voltammetry at a scan rate o f  100 mV s'* in citrate buffer 
electrolyte (pH 6.0 and 0.2 M) and on bioelectrodes with 20 MWCNTs layers (n=3, SEM).
3.3.3. Characterisation o f Method 4 Bioelectrodes
Control Experiments
Control experiments were performed with the method 4 bioelectrodes, to confirm 
that the redox peaks present on the CV traces were due to DET between GOd and the 
electrode, and were not an artefact of the electrode preparation procedure. CV was 
performed on method 4 bioelectrodes, where varying components were individually 
removed to determine whether any electrode component was responsible for the 
increased peak currents that are observed; GOd control experiments were performed 
by using bovine serum albumin (BSA) as a non-redox and non-catalytically active 
protein. Figure 3.9 presents CVs o f differing combinations o f the method 4 
bioelectrode architecture.
The replacement of GOd with BSA (Figure 3.9, (1)) did not give rise to any 
noticeable redox peaks between -0.1 and -0.5 V (vs. Ag/AgCl), confirming that the 
redox peaks present when GOd is incorporated into the bioelectrode are due to the 
FAD/FADH2 redox couple suggesting DET between the tightly-bound FAD 
co-factor of GOd and the electrode. The preparation o f the method 4 bioelectrodes 
without the top MWCNTs/cellulose matrix (Figure 3.9, (2)) showed redox peaks at 
approximately -0.39 V (v& Ag/AgCl). However, the current densities associated with 
the peak currents are dramatically diminished suggesting that the covering
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MWCNTs/cellulose matrix is required to obtain improved DET between GOd and 
the electrode; this may be due to the ability of the MWCNTs/cellulose matrix to 
entrap GOd within the electrode architecture.
Furthermore, rapid physical degradation of the bioelectrodes is observed when 
the covering MWCNTs/cellulose component is removed; the remaining method 4 
bioelectrode components can be seen to be falling from the bioelectrode. Preparation 
of the method 4 bioelectrodes without the MWCNTs primer layers (essentially 
method 3) also showed redox peaks at approximately -0.39 V (v& Ag/AgCl) (Figure 
3.9, (3)) but once again, the current densities associated with the peak currents are 
dramatically smaller than those of the complete method 4 bioelectrode architecture 
(Figure 3.9, (4)).
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Figure 3.9 -  Cyclic voltammograms o f differing combinations o f the method 4 bioelectrode 
configuration, performed at a scan rate o f 100 mV s'^  in citrate buffer electrolyte (0.2 M, pH 6.0, 
Nz-purged). A complete method 4 bioelectrode (black) was compared to control bioelectrodes (red, 
blue and purple). The inset presents scaled cyclic voltammograms o f  the traces 1-3.
The above results suggest that all o f the bioelectrode components are required to 
obtain the high current densities corresponding to the redox of the tightly-bound 
FAD co-factor of GOd.
The Effect o f Scan Rate on the Method 4 GOd Bioelectrode
The electrochemical characteristics of the method 4 bioelectrodes were evaluated by 
CV at differing scan rates; the relationship between the faradaic peak currents of an
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electro-active species and the scan rate can be used to determine whether interaction 
between the species and the electrode is limited by diffusion of the species to the 
electrode surface (linear when plotted vs. scan rate '^^ )^, or whether interaction 
between the electro-active species and the electrode is a surface-controlled 
interaction (linear when plotted vx. scan rate) [17, 18]. Figure 3.10 presents the effect 
of scan rate on the method 4 bioelectrodes.
The relationship between the scan rate and the anodic and cathodic peak 
current densities was found to be linear (Figure 3.10 inset), suggesting that DET 
obtained between GOd and the electrode is obtained with GOd that is immobilised 
within the electrode architecture, and not from and GOd free in solution or from 
FAD that has been released upon the opening/dénaturation of GOd and concomitant 
release of the previously tightly bound FAD co-factor.
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Figure 3.10 -  Cyclic voltammograms showing the effect o f  scan rate on the method 4 bioelectrodes, 
performed in citrate buffer electrolyte (0.2 M, pH 6.0, N^-purged). The inset plots the relationship 
between the peak current densities and the scan rate.
The Effect o f pH on the Method 4 Bioelectrode
The effect of pH on the GOd bioeleetrode was also investigated, in the pH range of 
3-7; it is reported that the characteristics of the FAD co-factor changes in alkaline
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conditions (due to deprotonation) [19, 20]. Figure 3.11 presents CVs of GOd 
bioelectrodes in differing pH eitrate/phosphate buffer electrolytes.
The dependence of the oxidation and reduction peak potentials on pH was 
experimentally determined to be approximately 55 mV pH'^ and 51 mV p H '\ 
respectively; this is in close agreement with the reported 59 mV pH“' for adsorbed 
FAD on a GC electrode [19, 20].
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Figure 3.11 -  Cyclic voltammograms o f  GOd bioelectrodes in citrate/phosphate buffer electrolytes o f
differing pH, at scan rate o f 100 mV s'f
3.3.4. Bioelectrocatalytic Oxidation o f Glucose
The response of the GOd bioelectrode in the presence of glucose was studied, to 
evaluate the potential for the bioelectrode to be incorporated into glucose-oxidising 
enzymatic BFCs.
A combination of chronoamperometry and CV (at a scan rate of 10 mV s"') 
was used to evaluate the performance of the GOd bioelectrode in the presence of 
glucose. Furthermore, chronoamperometry was performed under hydrodynamic 
conditions (obtained by magnetically stirring the solution or by using a rotating disk 
electrode (RDE)). The performance of the bioelectrode was investigated in 
N2-purged electrolyte, air-purged electrolyte, and air-purged electrolyte containing 
glucose. Figure 3.12 presents CV traces of a GOd bioelectrode in citrate buffer 
electrolyte.
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As described in Section 3.1 and shown in Figure 3.3, the GOd bioelectrode shows the 
same response to glucose and air (O2) that is shown in many reports; interestingly, 
the addition of glucose does in-fact shift the CV wave to more positive currents 
(although not to more positive currents than the Ni-purged CV trace).
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Figure 3.12 -  Cyclic voltammetry o f a GOd bioelectrode in hydrostatic citrate buffer electrolyte 
(pH 6.0, 0.2 M), at a scan rate o f 10 mV s '\ Gases were purged for 15 minutes prior to
electrochemical analysis.
The chronoamperometric trace of the GOd bioelectrode (Figure 3.13, performed on a 
RDE) showed a linear response to glucose at low concentrations; increasing the 
concentration of glucose introduced current limitation (in line with enzyme 
saturation kinetics). Evaluation of the current V5. [glucose] plot resulted in the 
determination of an apparent Michaelis-Menten constant of 0.89 ± 0 . 1 6  mM of 
glucose; Swoboda and Massey reported a Michaelis-Menten constant of 33 mM 
glucose at pH 5.6, for GOd from Aspergillus niger [21].
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Figure 3.13 -  Chronoamperometric trace o f a GOd bioelectrode (performed on a rotating disc 
electrode at a rotation speed of 500 rpm), in citrate buffer electrolyte purged with air (0.2 M, pH 6.0).
Potential applied = -0.5 V (v5. Ag/AgCl).
There are two problems with the chronoamperometric trace shown in Figure 3.13; 
firstly, the potential applied to observe the bioelectrocatalytic oxidation of glucose by 
GOd via DET is more negative than the oxidation potential of the FAD/FADH2 
redox couple, and secondly, the current observed is also negative. Another issue 
arises when characterising the glucose response in a Ni-purged citrate buffer 
electrolyte, no current response to glucose is observed. Figure 3.14 illustrates the 
direct bioeleetrocatalysis of glucose by GOd adsorbed onto an electrode.
glucose
glucono-
lactone
GOd (FAD) 
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Figure 3.14 -  Direct bioeleetrocatalysis o f glucose by GOd.
By considering Figure 3.14, it can be deduced that the potential needed to observe 
the direct bioelectrocatalytic oxidation of glucose by GOd should be a more positive 
potential than the oxidation potential o f the FAD/FADFI2 redox couple; repeating the
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chronoamperometric experiment with an “oxidising” potential (between -0.35 to 
-0.15 V (vs. Ag/AgCl)) still yields an enzymatic-type response to glucose, but 
applying an even more positive potential does not yield a response. Furthermore, the 
current response that is observed in the -0.35 to -0.15 V (vs. Ag/AgCl) potential 
range is also negative. Figure 3.15 presents the CV trace of a GOd bioelectrode 
performed in a Ni-purged citrate buffer electrolyte (pH 6.0, 0.2 M) with an addition 
of glucose; no oxidative-current response to the addition of glucose is observed.
As O2 acts only as an electron acceptor from GOd (and is not required for 
activation), this CV suggests that DET may not actually be occurring between GOd 
and the electrode.
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Figure 3.15 -  Cyclic voltammogram o f a GOd bioelectrode performed in a hydrostatic Nz-purged 
citrate buffer electrolyte (pH 6.0, 0.2 M), at a scan rate o f 10 mV s 'f
FAD-control Electrode
To further evaluate the response to O2 and glucose that is observed by CV of the 
GOd bioelectrode, a control bioelectrode comprised of the FAD co-factor was 
prepared (Figure 3.16, described in Chapter 2). A further control electrode was 
analysed (MWCNTs-control), without GOd or the FAD co-factor.
Analysis of the FAD control bioelectrode (Figure 3.16, top) under N2-purged 
conditions showed similar behaviour to the GOd bioelectrode (Figure 3.12); 
furthermore, peak current magnitudes were larger (an approximate increase of 43%), 
and a smaller difference in potential between the oxidation and reduction peaks of
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the FAD/FADH2 redox couple were observed (by approximately 24%). Upon the 
introduction of air into the electrolyte, a shift in the detail of the cyclic 
voltammogram was observed (towards more negative currents); this suggests that the 
response observed with the GOd bioelectrode in the presence of O2 is not an 
enzyme-catalysed response. This was also confirmed with a near-identical shift on 
the MWCNTs-control electrode (Figure 3.16, bottom). It is therefore concluded that 
this shift is due to the electrochemical reduction of O2 by the MWCNTs and/or GC 
electrode.
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Figure 3.16 -  Cyclic voltammetry o f a FAD-control bioelectrode (top) and a MWCNTs-control 
electrode (bottom), in hydrostatic citrate buffer electrolyte (0.2 M, pH 6.0) at a scan rate o f  10 mV s''.
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Ferrocene Mediated Electron Transfer o f GOd
An aqueous ferrocene (Fc, ferrocenylmethyl-6-aminocaproic acid -  described in 
Chapter 4) electron mediator was also used (as described in Chapter 1), to confirm 
the presence of catalytically-active GOd on the method 4 bioelectrode (Figure 3.17).
The inclusion of Fc (11 mg mL'^) confirmed that catalytically-active GOd was 
present on the GOd bioelectrode; the addition of glucose (in Ni-purged citrate buffer 
electrolyte) gave rise to a sharp increase in the oxidation current of the redox peak 
associated with the Fe/Fc^ redox couple (approximately +0.37 V (vx. Ag/AgCl)). 
This increase in the oxidation peak current of the Fc/Fc^ redox couple confirms the 
mediated bioelectrocatalytic oxidation of glucose by GOd, as per Figure 3.18.
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Figure 3.17 -  Cyclic voltammogram o f a GOd bioelectrode under in Ng-purged citrate buffer 
electrolyte (0.2 M, pH 6.0), at a scan rate o f 10 mV s '\
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Figure 3.18 -  Mediated bioeleetrocatalysis o f glucose by GOd via ferrocene.
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3.4. Discussion: Direct Electron Transfer of Glucose Oxidase
Extensive optimisation and characterisation of a GOd bioelectrode was performed 
(Figure 3 .5  to Figure 3 . 1 1 ) .  The dissolution and reconstitution of cellulose has been 
demonstrated as an alternative method for the immobilisation of enzymes onto 
electrode surfaces. Furthermore, the bioelectrodes were less prone to delamination by 
the inclusion of MWCNTs primer layers on the GC electrodes.
Further characterisation of the GOd bioelectrodes in the presence of glucose 
(Figure 3 .1 2  to Figure 3 . 1 5 ) ,  however, confirmed a pseudo-divQoX bioelectrocatalytic 
response; evaluation of the GOd bioelectrodes in N]-purged citrate buffer electrolyte 
did not yield an oxidative glucose response (Figure 3 .1 7 ) ,  but the subsequent 
addition of Fc to the electrolyte confirmed the presence of catalytically-active GOd 
within the bioelectrode architecture (Figure 3 .1 8 ) .
A rational explanation of the glucose/02 effects is that the observations could 
be due to the electrocatalytic reduction of O2 by the MWCNTs and/or GC electrode
[ 2 2 ] .  Consequently, the addition of glucose to the electrolyte results in the localised 
depletion of [O2 dissolved] at the electrode surface (as per Figure 3 .2 ) ,  and thus, lowers 
the catalytic current magnitude arising from the reduction of O2 by the MWCNTs 
and/or GC electrode. This then results in a positive shift in the FAD/FADH2 redox 
couple peaks observed. Scheme 3 .1  illustrates a proposed scheme explaining the 
bioelectrode response to glucose.
-0.5 V (vs. Ag/AgCI)
Glucose
G lu c o n o la c to n e
Scheme 3.1 -  Proposed scheme showing the glucose response observed at a glassy carbon electrode
with glucose, glucose oxidase and O?.
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Perhaps the most promising (least controversial) example of DET between GOd and 
a GC electrode, was published in 2009 [13]; GOd was deglycosylated in an attempt 
to shorten the distance between the FAD co-factor and the GC electrode. The authors 
reported the presence o f redox peaks in the potential window expected o f the 
FAD/FADH] redox couple, at pH 7.4 (at approximately -0.48 V vs. Ag/AgCl). 
Furthermore, the bioelectrode demonstrated the direct bioelectrocatalytic oxidation 
of glucose in an argon-purged atmosphere (ruling out any interaction between GOd 
and O2).
Although apparent DET was observed between GOd and the GC electrode on 
the method 4 bioelectrode subsequent investigation confirmed that in-fact DET had 
not been obtained, although a pseudo-glucosQ response was observed (due to the 
presence o f immobilised GOd within the bioelectrode architecture (Scheme 
3.1)) [23].
In conclusion, the GOd bioelectrode investigated within this chapter could 
theoretically be utilised as a glucose biosensor (operating in a similar fashion to the 
original glucose/GOd biosensors that detected the depletion o f the [O2 d isso lved ]). This 
GOd bioelectrode architecture, however, cannot be utilised as a bioanode in an 
enzymatic BFC, due to the fact that the bioelectrode does not produce an oxidative 
current (which would reflect bioeleetrocatalysis o f glucose by GOd).
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4.1. Introduction
Mediated electron transfer (MET) of glucose oxidase (GOd) by ferrocene (Fc) has 
been extensively studied since Cass et al. (1984) first demonstrated the use o f Fc in a 
glucose biosensor [1-3]; other electron mediators have also been used, such as 
osmium-based polymers [4-6] and quinone-derivatives [7, 8]. As presented in 
Chapter 3, direct electron transfer (DET) o f GOd can be considered to be 
complicated; Katz and MacVittie explain that efficient DET o f GOd may eventually 
be achievable with the use o f a “very sophisticated multi-molecular ensemble”, 
which could result in favoured and preferential electron transfer between GOd and 
the supporting electrode, rather than with its natural electron acceptor (O2) [9].
As described in Chapter 1, flavin adenine dinucleotide-dependent glucose 
dehydrogenase (FAD-GDH) has recently emerged as a potential replacement or 
alternative to GOd; unlike GOd, FAD-GDH does not utilise O2 as its natural electron 
acceptor and thus, does not produce H2O2. Furthermore, the use of FAD-GDH 
instead of other GDH types containing other co-factors lies largely in the properties 
o f the FAD co-factor; firstly the co-factor is tightly bound to GDH, and secondly, the 
relatively low redox potential of the FAD/FADH2 redox couple permits the use o f a 
wide range o f electron mediators [10-13].
Lastly, the operation of fully-enzymatic biological fuel cells (BFCs) in 
single-compartments is becoming increasingly popular following the first 
demonstration of such a device by Katz et al. [14] (1999). Substrate specificity of 
enzymes prevents side reactions o f the different substrates for the anodic and 
cathodic enzymes, and the removal of a membrane can lower the cost of BFCs, lower 
the internal ionic resistance (proton transfer), and can provide the possibility to 
miniaturise the device further. Chapter 3 of this thesis reiterates the ability o f GOd to 
effectively and rapidly locally deplete [O2 dissolved]; in MET-type GOd electrodes it 
could be possible for excess GOd (or GOd with poor electron transfer kinetics to and 
from the electron mediator) to also react with O2 (thus lowering the [O2 dissolved] and 
concomitantly releasing H2O2 (toxic to biological tissue)) [9].
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Some of the results presented below have been published in the RSC journal 
“Physical Chemistry Chemical Physics”, and are also attached in Appendix A [15].
4.2. Aims and Objectives
During February 2012 a short collaborative research visit was undertaken by the 
candidate to Professor Minteer’s research laboratories at the University o f  Utah 
(USA), with the view to couple Fc-mediated glucose-oxidising anodes (GOd and 
FAD-GDH) developed at the University o f  Surrey, with existing laccase direct 
bioelectrocatalytic cathodes developed at the University o f  Utah. The Fc-grafted 
linear polyethyleneimine (Fc-LPEI) redox hydrogel presented throughout this thesis 
was prepared by performing a minor modification to the existing Fc-LPEI 
preparation protocol (developed partially at the University o f  Utah [16, 17]); 
oxidised multi-walled carbon nanotubes (MWCNTs) were incorporated into the 
redox hydrogel in an attempt to improve electrical conductivity. Laccase direct 
bioelectrocatalytic cathodes presented within this thesis were prepared by using a 
protocol developed previously at the University o f  Utah [16].
Furthermore, slightly lower catalytic currents fo r  glucose oxidising bioanodes 
and 02-reducing biocathodes were observed upon returning to the University o f  
Surrey, despite using materials made at the University o f  Utah. All results published 
within the above reference (Appendix A) were obtained at the University o f  Utah.
The initial aims of this chapter (described below) were to investigate the mediated 
bioeleetrocatalysis of glucose by GOd, followed by investigation into the 
replacement of GOd by an O2 insensitive glucose-oxidising enzyme (FAD-GDH). 
Final glucose bioanodes will then be evaluated against Pt/C air-breathing and 
enzymatic O2 dissolved biocathodes in respective semi- and fully-enzymatic BFCs.
Objectives:
• develop an MET-type enzymatic glucose-oxidising anode containing GOd
o using a Fc-derived electron mediator that is either anchored to the 
enzyme or immobilised within the electrode architecture.
• investigate and evaluate FAD-GDH {Aspergillus sp.) as an alternative 
02-insensitive glucose-oxidising anodic enzyme to GOd
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o evaluating its performance in any sueeessful Fc-mediated 
bioeleetrode configurations.
• combine any successful glucose-oxidising anode configurations with Pt/C 
cathodes (in compartmentalised BFCs) or laccase direct bioelectrocatalytic 
cathodes and evaluate their associated BFC performances.
4.3. Ferrocene-mediated Glucose Oxidase Bioanodes
4.3.1. Ferrocenylmethyl-6-aminocaproic Acid
Willner et al. (1996) demonstrated the attachment of a ferrocenylmethyl-6- 
aminoeaproic acid (Fe-1) mediator directly to GOd; ferrocenecarboxaldehyde was 
modified with 6-aminocaproic acid, which then allowed the attachment of the newly 
introduced carboxylie acid to lysine amino acids present within GOd [3]. The use of 
Fc-1 as an anchored mediator attached to GOd was investigated. Figure 4.1 
illustrates the preparation of Fe-1 from ferrocenecarboxaldehyde, and its attachment 
to GOd.
Fe _________ Û
OH
NaOH
Fe
NaBH.
Fe
OH
Fe t
EDC Glucose
Oxidase
Glucose
OxidaseFc-1
Figure 4.1 -  Preparation o f ferrocenylmethyl-6-aminocaproic acid (Fc-1) and its attachment to
glucose oxidase.
The complete procedure for the preparation of Fc-1 is given in Chapter 2 and in [3]; 
in short, ferrocenecarboxaldehyde was dissolved in dimethylformamide (DMF), and 
mixed with 6-aminocaproie acid (in NaOH). After refluxing, NaBH4 was then added 
drop-wise to the mixture which was then left stirring for 12 hours. Acetic acid was
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then used to bring the pH of the mixture to approximately pH 5, and the product was 
then extracted using ethylacetate. After solvent evaporation, the product was 
recrystallised in hot ethanol. ^H-NMR and mass spectroscopy were used to confirm 
the identity of the product. Cyclic voltammetry (CV) was also used to confirm 
electrochemical difference between the ferrocenecarboxaldehyde starting material 
and the product (Figure 4.2). There was a clear difference in electrochemical 
behaviour of Fc-1 and the ferrocenecarboxaldehyde starting material, as shown by 
Padeste et al. (2000) [18].
E° = 0.33 V
0.0
COc<D
Q
c
0 -0.2
-  Fc-1 
-- Fc-CHO
-0.3
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
E / V (vs. Ag/AgCI)
Figure 4.2 -  Cyclic voltammograms o f Fc-1 and the starting ferrocenecarboxaldehyde (11 mg mL'’ o f  
each), performed at a scan rate o f 100 mV s'^  in citrate buffer electrolyte (0.2 M, pH 6) on a bare
glassy carbon electrode.
Fc-1 was then attached to GOd (Aspergillus niger) by using 1-ethyl-3-(3- 
(dimethylamino)propyl)-carbodiimide methiodide (EDC methiodide) in 
4-(2-hydroxyethyl)piperazine-1 -ethanesulfonic acid (HEPES) buffer (0.1 M, pH 7.3). 
The mixture was left to react for 10 hours at 4°C, and was dialysed against phosphate 
buffer (0.01 M, pH 7.3) using Vivaspin 500 protein centrifugal concentration tubes 
(Sartorius Stedim Biotech, 30 kDa molecular weight cut-off).
The GOd/Fc-1 solutions were concentrated to approximately 112 mg mE"' (by 
volume). Bioelectrodes were then prepared in the same fashion to the method 4 
bioelectrodes (Chapter 3 and Figure 4.3); 7 pE of the new GOd/Fc-1 solution was
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used (previously 10 pL) to give a loading of approximately 0.8 mg of modified GOd 
per electrode.
G O d (m o d ified  w ith  Fc-1)
M W C N T s/cellu lose 
MWCNTs
Figure 4.3 -  Electrode preparation procedure for a glassy carbon electrode incorporating immobilised 
GOd modified with ferrocenylmethyl-6-aminocaproic acid (Fc-1).
The bioelectrocatalytic performance of these bioelectrodes was investigated using 
CV performed in Ni-purged citrate buffer electrolyte containing 0 and 20 mM 
glucose (Figure 4.4).
Under Ni-purged conditions (without glucose), a pair o f redox peaks is 
observed in the region of the FAD/FADH2 redox couple (approximately -0.38 V vj". 
Ag/AgCl); this most probably represents the oxidation and reduction any FAD 
co-factor that may have been produced upon the dénaturation of any GOd (resulting 
in exposure of the FAD co-factor). Furthermore, a pair of redox peaks is observed at 
approximately 0.35 V (v5. Ag/AgCl); these peaks were attributed to the oxidation 
and reduction of the Fc/Fc^ redox couple. The introduction of glucose (20 mM) into 
the Ni-purged citrate buffer electrolyte (pH 6, 0.2 M) resulted in an oxidative current 
shift in the region of the Fc/Fc^ redox couple potentials; this is explained by the 
mediated bioelectrocatalysis of glucose by GOd via Fc-1, as shown by Figure 4.5.
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E / V (vs. Ag/AgCI)
Figure 4.4 -  Representative cyclic voltammogram o f a GOd/Fc-1 bioelectrode (glassy carbon), 
performed at a scan rate o f 5 mV s'’ in N?-purged citrate buffer electrolyte (pH 6, 0.2 M) in the 
presence o f 0 (solid) and 20 mM (dashed) glucose.
glucose
glucono-
lactone
GOd (FAD) 
GOd (FADH2)
Figure 4.5 -  Mediated bioelectrocatalysis o f  glucose by GOd via ferrocenylmethyl-6-aminocaproic
acid (Fc-1).
Interestingly, there is also a small oxidative shift in the potential region of the 
FAD/FADH2 redox couple; this could be due to the depletion of any [O2 dissolved] 
remaining in solution, but it is also likely to be due to desorption of any of the FAD 
co-faetor that was previously adsorbed onto the glassy carbon (GC) electrode 
architecture. The bioelectrode was stored overnight (in approximately 50 pL of 
citrate buffer), and its bioelectrocatalytic response to glucose was examined the 
following day. Figure 4.6 presents the CV trace of the bioelectrode; under N2-purged 
conditions a pair of redox peaks was still observed in the potential region of the 
FAD/FADH2 couple, however, no redox peaks were observed in the potential region
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of the Fc/Fc^ redox couple. Furthermore, the addition of glucose did not produce a 
bioelectrocatalytic oxidative response (as per Figure 4.5). Testing of the bioelectrode 
in the presence of [O2 dissolved] and glucose confirmed that active GOd was present on 
the bioelectrode (Figure 4.6); the lack of a catalytic oxidative response in the Fc-1 
potential region suggests that Fc-1 may not have been successfully immobilised to 
GOd. It is also possible that the Fc-1 electron mediator may have decomposed, due 
to instability of the oxidised ferrocinium (Fc^) ion [19]. Further repeats showed this 
method was highly unreproducible, and bioelectrodes that did show an oxidative 
response to glucose did not respond on the following day.
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Figure 4.6 - Representative cyclic voltammogram (after overnight storage) o f a GOd/Fc-1 
bioelectrode (glassy carbon), performed at a scan rate o f  10 mV s'' in Nz-purged citrate buffer 
electrolyte (pH 6, 0.2 M) in the presence o f  0 (solid-black) and 20 mM (dashed-black) glucose. The 
performance o f the bioelectrode was also evaluated in air-purged electrolyte, containing 0 (solid-red)
and 20 mM (dashed-red) glucose.
4.3.2. Ferrocene-grafted Linear Polyethyleneimine Redox Hydrogel
Ferrocene-grafted linear polyethyleneimine (Fc-LPEI) has been demonstrated as a 
suitable and effective redox polymer hydrogel for the immobilisation of GOd, whilst 
simultaneously offering a MET pathway for the bioelectrocatalytic oxidation of 
glucose by GOd via Fc [16, 17, 20].
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H
N
Figure 4.7 -  Structure o f ferrocene-grafted linear polyethyleneimine [17].
Figure 4.7 illustrates the structure of Fc-LPEI, where the number of carbon atoms 
between the Fc moiety and the LPEI backbone can be tailored for optimisation; a 
shorter/longer spacer may increase the mediated bioelectrocatalytic turnover of a 
bioelectrode when coupled with different enzymes [17, 20].
Upon undertaking a collaborative visit to Professor Minteer’s group at the 
University o f Utah, the compatibility o f  Fc-LPEI with FAD-GDH was investigated 
(and compared to GOd); Fc-Ce-LPEI was utilised to form the redox hydrogel', “Fc- 
LPEI” refers to Fc-Cs-LPEI (where a hexyl-chain acts as a spacer between the Fc 
moiety and the LPEI backbone) throughout this thesis.
The immobilisation of FAD-GDH and GOd within a Fc-LPEI redox hydrogel was 
investigated; the Fc-LPEI redox hydrogel was comprised of Fc-LPEI, FAD-GDH (or 
GOd), and oxidised multi-walled carbon nanotubes (MWCNTs). Ethylene glycol 
diglycidyl ether (EGDGE) was used to crosslink the Fc-LPEI backbones and 
simultaneously immobilise the enzyme; the MWCNTs were immobilised by 
entrapment upon cross-linking of the redox hydrogel.
The full procedure for the preparation o f the Fc-LPEI redox polymer and the 
Fc-LPEI redox hydrogel bioelectrodes is reported within Chapter 2. In short, 60 pL 
of Fc-LPEI (12 mg mL’’ in water) was mixed with 8.58 pL (approximately) o f either 
FAD-GDH or GOd (13 mg mL"'), and 10 pL of an aqueous MWCNTs dispersion 
(obtained by the sonication of MWCNTs in water, at a concentration o f 0.1 mg mL" 
'). To this solution, 3 pL of EGDGE (10% v/v in water) was added and the solution
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was briefly vortex-mixed. When GC electrodes (3 mm diameter) were used as the 
supporting electrode, 10 pL o f this mixture was applied to directly to the surface of 
each electrode; when Toray paper electrodes (with a geometric surface area o f 1 cm^) 
were used, the volume applied to each electrode was increased to 50 pL. The 
electrodes were dried under a gentle positive air-flow, and then left overnight (on a 
bench) to fully cross-link.
Electrodes were gently rinsed prior to use, to remove any enzyme or polymer 
that may not have been immobilised. Figure 4.8 presents CVs of FAD-GDH/Fc-LPEI 
and GOd/Fc-LPEI bioelectrodes, with their bioelectrocatalytic responses to glucose 
(via MET by Fc (as shown in Figure 4.5)).
When no glucose is present, a pair of redox peaks is observed at approximately 
0.275 V (vs. SCE), these peaks are attributed to the oxidation and reduction o f the 
Fc/Fc^ redox couple within the Fc-LPEI redox hydrogel. The addition of glucose 
(100 mM) into the citrate buffer electrolyte induces a sharp oxidative current 
response, which is due to the mediated bioelectrocatalytic oxidation o f glucose by 
GOd via the Fc-LPEI redox hydrogel (as per Figure 4.5).
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Figure 4.8 -  Cyclic voltammograms o f  (A) FAD-GDH/Fc-LPEI and (B) GOd/Fc-LPEI bioelectrodes 
in 0 (solid) and 100 mM (dashed) glucose, at a scan rate o f 10 mV s"' in quiescent citrate buffer 
electrolyte (pH 5.5, 0.2 M). Bioelectrodes were prepared on glassy carbon electrodes, and results were
obtained at the University o f  Utah.
Figure 4.9 presents cyclic voltammograms of a control bioclcctrodc, where FAD- 
GDH and GOd was replaced with catalytically-inactive bovine serum albumin 
(BSA). Upon the addition of glucose to the citrate buffer electrolyte, an oxidative 
current shift was not observed; this presents the conclusion that the 
bioeleetroeatalytic oxidation of glucose is performed by FAD-GDH or GOd, and is 
not due to any other component present within the electrode architecture.
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Figure 4.9 -  Cyclic voltammogram o f a BSA/Fc-LPEI control bioelectrode in citrate buffer 
electrolyte (0.2 M, pH 5.5) containing 0 (solid) and 200 mM (dashed) glucose. BSA control 
bioelectrodes were prepared on glassy carbon electrodes, and evaluated at a scan rate o f 10 mV s '\
Depletion o f fO? i^^ .nivPYil by Glucose Oxidase
The difference in the ability of GOd and FAD-GDH to deplete [O2 dissolved] was 
recently demonstrated, where the enzymes were added to a buffer solution and the 
[O2 dissolved] was measured over time; it was concluded that whilst FAD-GDH did not 
deplete [O2dissolved], GOd rapidly and sharply decreased the [O2 dissolved] [10].
[O2 dissolved] depletion by the FAD-GDH/Fc-LPEI and GOd/Fc-LPEI 
bioelectrodes was therefore investigated; Figure 4.10 presents the
chronoamperometric trace of a FAD-GDH/Fc-LPEI bioelectrode.
At the start of the chronoamperometry (CA) trace, an oxidising potential of 
+0.4 V (vs. SCE) was applied to the bioanode (as determined from Figure 4.8). The 
measured current o f the bioelectrode began to asymptotically approach zero in the 
absence of glucose; furthermore, the [O2 dissolved] remained stable at 74.5%. At 
approximately 6 minutes, an injection of glucose was made (giving a final 
concentration of 100 mM); this resulted in a rapid increase in observed current, due 
to the mediated bioelectrocatalytic oxidation of glucose by FAD/GDH via the 
Fc-LPEI redox hydrogel. Furthermore, the [O2 dissolved] did not significantly change. 
After a further 4 minutes (r = 10 minutes) an injection of GOd was made (giving a 
final concentration of 0.32 mg mL"'). This resulted in an increase in the current 
observed at the FAD-GDH/Fc-LPEl bioelectrode, this being due to free GOd
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interacting with the Fc-LPEI on the bioelectrode. The [O2 dissolved] began to rapidly 
decrease, and after approximately 10 minutes {t = 20 minutes) the [O2 dissolved] had 
depleted to 2.2%. These results confirmed the reported 02-insensitivity of 
FAD-GDH (even when immobilised within the Fc-LPEI redox hydrogel), and 
highlighted the ability o f GOd to rapidly deplete [O2 dissolved].
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Figure 4.10 -  Chronoamperometric trace o f  a FAD-GDH/Fc-LPEI bioelectrode, prepared on a Toray 
paper electrode with a geometric surface area o f  1 cm^. The bioelectrode was poised at +0.4 V (w. 
SCE) in hydrodynamic citrate buffer electrolyte (pH 5.5, 0.2 M); the electrolyte was not purged with 
any gasses, or degassed. The IO2 dissolved] was measured with a standard Clark-type O2 electrode, and 
plotted as the percentage o f  [O2 d is s o lv e d ]  (determined from an air-saturated solution).
Apparent Michaelis-Menten Kinetics
Apparent Michaelis-Menten studies were performed (electrochemically) on the 
FAD-GDH/Fc-LPEI and GOd/Fc-LPEI bioelectrodes by hydrodynamic CA. Figure 
4.11 presents an apparent Michaelis-Menten plot for FAD-GDH/Fc-LPEI 
bioelectrodes (determined by CA).
An apparent Michaelis-Menten constant was determined to be 33.2 ± 7.0 mM 
glucose by non-linear least-squares regression (using GraphPad Prism); the 
Michaelis-Menten constant provided by the supplier was 50 mM (Sekisui 
Diagnostics UK, FAD-GDH Datasheet). The [O2 dissolved] was stable throughout the 
experiment, where any fluctuation in the [O2 dissolved] was most likely due to the 
difference in [O2 dissolved] between the citrate buffer electrolyte and the glucose stock 
solution; the final [O2 dissolved] was determined to be approximately 97% (recorded 10 
minutes after the final glucose addition).
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Figure 4.11 — Michaelis-Menten-type plot for FAD-GDH/Fc-LPEI bioelectrodes in citrate buffer 
electrolyte (pH 5.5, 0.2 M). The bioelectrodes were poised at a potential that was 50 mV larger than 
the oxidation peak potential o f  the Fc/Fc"  ^redox couple (as determined by cyclic voltammetry). A 
Clark-type [O2 dissolved] probe was suspended in solution, and the [O2 dissolved] were measured and are 
reported as the percentage o f  the initial [ O 2 dissolved] prior to electrochemical testing. Errors are plotted 
as SD (n = 3). Results were obtained at the University o f  Utah.
Figure 4.12 presents an apparent Michaelis-Menten plot for GOd/Fc-LPEI 
bioelectrodes (determined by CA).
An apparent Michaelis-Menten constant was determined to be 3 0 . 9  ± 3 . 9  mM 
glucose by non-linear least-squares regression (using GraphPad Prism); the 
Michaelis-Menten constant for GOd from Aspergillus niger is considered to be 3 3  
mM glucose [ 2 1 ] .  The [O2 dissolved] was found to continually decrease throughout the 
experiment, reflecting the depletion of [O2 dissolved] by GOd (as per Figure 4 .1 3 ) ;  the 
final [O2 dissolved] was determined to be approximately 5 1 %  (recorded 1 0  minutes after 
the final glucose addition). It is hypothesised, however, that the actual [O2 dissolved] 
should in fact be lower; the continual addition o f fresh glucose aliquots (not 
previously exposed to GOd) to the citrate buffer electrolyte results in replenishment 
of the [O2 dissolved]- For both the FAD-GDH and GOd-based bioelectrodes, the 
saturation concentration of glucose was found to be approximately 2 0 0  mM.
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Figure 4.12 - Michaelis-Menten-type plot for GOd/Fc-LPEI bioelectrodes in citrate buffer electrolyte 
(pH 5.5, 0.2 M). The bioelectrodes were poised at a potential that was 50 mV larger than the oxidation 
peak potential o f  the Fc/Fc^ redox couple (as determined by cyclic voltammetry). A Clark-type [O2 
dissolved] probe was suspended in solution, and the [O2 dissolved] were measured and are reported as the 
percentage o f  the initial [O2 dissolved] prior to electrochemical testing. Errors are plotted as SD (n = 3).
Results were obtained at the University o f  Utah.
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o
Figure 4.13 -  The interaction o f  GOd with glucose and O2 . 
vH  Optimisation (Electrochemical)
The mediated bioelectrocatalytic performance of the FAD-GDH/Fc-LPEI and 
GOd/Fc-LPEI bioelectrodes was evaluated in different pH citrate/phosphate buffer 
electrolytes; citrate/phosphate buffer was used to enable effective buffering between 
pH 4.5 and 8. The bioelectrocatalytic performances were determined by CV; the 
maximum oxidation currents in the absence and presence (200 mM) of glucose were 
used to compare the mediated bioelectrocatalytic performances (Figure 4.14).
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Figure 4.14 -  Effect o f  pH on the mediated bioelectrocatalytic performance o f  the FAD-GDH/Fc- 
LPEI (black) and GOd/Fc-LPEI (red) bioelectrodes, determined by cyclic voltammetry at a scan rate 
o f  10 mV s '\  Analysis was performed in citrate/phosphate electrolyte buffer (0.2 M). The error bars
were determined by SD (n = 3).
The specific enzymatic activities o f free FAD-GDH and GOd were also determined 
by UV spectroscopy; dichlorophenolindophenol (DCPIP) was used as a redox 
indicator (full experimental details are provided in Chapter 2) [15]. Figure 4.15 
presents the specific enzymatic activity of free FAD-GDH to glucose.
As shown in Figure 4.15, FAD-GDH shows a broad optimum pH range to 
glucose and DCPIP; the specific enzymatic activity begins to tail off after pH 7. In 
contrast, GOd (Figure 4.16) shows increasing activity as the pH approaches pH 4.5. 
Furthermore, the specific enzymatic activities of GOd are considerably lower to 
those o f FAD-GDH, even though comparable mediated bioelectrocatalytic current 
densities are observed. The quantification o f the specific enzymatic activity o f GOd 
to glucose is detected by the reduction of DCPIP; the reduction of DCPIP (and 
detection via UV spectroscopy) competes with the natural electron acceptor o f GOd 
(O2) which is present in the buffer solution. Furthermore, the affinity o f both 
enzymes for DCPIP may differ; thus, these specific enzymatic activities cannot be 
used to compare enzymes, although they do offer a reference point with respect to 
comparing the specific activities of enzymes across different days.
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Figure 4.15 -  Specific enzymatic activity o f  free FAD-GDH in citrate/phosphate buffer (50 mM).
Error bars are shown as SD (n = 3).
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Figure 4.16 - Specific enzymatic activity o f  fi-ee GOd in citrate/phosphate buffer (50 mM). Error bars
are shown as SD (n = 3).
4.4. Laccase Direct Bioelectrocatalytic Cathodes
Upon undertaking a collaborative visit to Professor Minteer’s group at the 
University o f  Utah, the use o f  the FAD-GDH/Fc-LPEI and GOd/Fc-LPEI 
bioelectrodes as bioanodes in enzymatic BFC was investigated; the potential 
bioanodes were tested against non-enzymatic and enzymatic cathodes. Professor 
Minteer ’s group have demonstrated the operation o f high performance DET-based
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enzymatic cathodes that utilise laccase as the biocatalyst [16, 22]; this bioelectrode 
configuration was used to evaluate the performance o f the potential bioanodes as 
enzymatic BFC components.
As discussed in Chapter 1, the direct bioelectrochemistry of laccase on carbon-based 
electrodes has been thoroughly investigated. It has been shown that the rational 
attachment o f polycyclic aromatic moieties to electrode surfaces can significantly 
enhance the direct bioelectrocatalytic reduction of O2 to H2O by laccase [23, 24]; 
Meredith et al. demonstrated that attachment o f anthracene moieties to MWCNTs 
which increased communication between laccase and the electrode, whilst 
simultaneously increasing the effective surface area o f the electrode (resulting in 
larger catalytic currents) [16, 22].
Laccase (Trametes versicolor) direct bioelectrocatalytic cathodes were 
prepared; the complete bioelectrode preparation procedure is given in Chapter 2. In 
short, laccase (1.5 mg in 75 pL of the buffer to be used) was mixed with MWCNTs 
that were modified with anthracene moieties (Ac-MWCNTs, 7.5 mg) and 
tetrabutylammonium bromide-modified Nafion® (TBAB-Nafion®, 25 pL). This 
mixture was then divided evenly between 3 Toray paper electrodes (1 cm^ geometric 
surface area), and applied with a brush; each electrode was prepared with 
approximately 0.5 mg o f laccase and 2.5 mg o f Ac-MWCNTs. Toray paper
electrodes were cut into a “flag and flagpole” shape, where the flag (1 cm^) was the
active surface area o f the electrode, and the flagpole was coated with paraffin wax.
4.4.1. Cyclic Voltammetry
Due to previous publication of the laccase/Ac-MWCNTs direct bioelectrocatalytic 
cathode, extensive characterisation was not performed [16, 22]; BSA control 
experiments and bioelectrocatalytic pH optimisation were performed. Figure 4.17 
presents CV traces o f a representative laccase/Ac-MWCNTs bioelectrode under 
N2- and air-purged conditions, and a BSA/Ac-MWCNTs control bioelectrode.
The BSA/Ac-MWCNTs control bioelectrode (solid red) confirmed that the 
catalytic activity observed at the laccase/Ac-MWCNTs under air-purged conditions 
(dashed black) reflects the direct bioelectrocatalytic reduction o f O2 to H2O by
laccase, and is not due to any other components present within the bioelectrode
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architecture. Furthermore, minimal catalytic activity is observed under N 2-purging of 
the laccase/Ac-MWCNTs bioelectrode; the small catalytic current that is observed is 
most likely due to the ineomplete removal of [O2 dissolved] from the solution or the 
presence of trace quantities of O2 within the porous Toray paper electrode.
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Figure 4.17 -  Representative cyclic voltammograms o f laccase/Ac-MWCNTs bioelectrodes in N 2- 
purged (solid black) and air-purged (dashed black) quiescent citrate buffer electrolyte (0.2 M, pH 5.5), 
performed at a scan rate o f 1 mV s '\  BSA/Ac-MWCNTs control bioelectrodes were evaluated in air- 
purged (red solid) citrate buffer electrolyte. Laccase and BSA bioelectrodes were prepared on Toray
paper electrodes (1 cm^).
pH Optimisation o f Laccase/Ac-MWCNTs Bioelectrodes
The performance of the direct bioelectrocatalytic reduction of O2 to H2O by the 
laccase/Ac-MWCNTs bioelectrodes was investigated in citrate/phosphate buffer 
electrolyte between pH 4.5 and 7.5. Figure 4.18 presents CV traces of 
laccase/Ac-MWCNTs bioelectrodes in citrate/phosphate buffer electrolyte between 
pH 4.5 -7.5.
The laccase/Ac-MWCNTs bioelectrodes showed clear direct 
bioelectrocatalysis between pH 4.5-Ô.5 (when compared to the BSA/Ac-MWCNTs 
control bioelectrode in Figure 4.17), but virtually no direct bioelectrocatalytic 
activity was observed when the laccase/Ae-MWCNTs bioelectrodes were evaluated 
at pH 7.5; it has been reported that the optimum pH for the laccase lies between 4 - 5, 
and that almost no catalysis is observed at pH 7 [25]. Figure 4.19 presents the direct 
bioelectrocatalytic current densities observed for the laccase/Ac-MWCNTs 
bioeleetrodes between pH 4.5-7.5. To enable direct comparison (and account for the
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shift in onset potential in different pH), the direct bioeleetroeatalytic current densities 
were determined by the extraction of the currents observed during CV from 
immediately before the observation of the reduction of O2, and from an 
over-potential of 350 mV after the onset-potential of the reduction of O2.
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Figure 4.18 -  Average cyclic voltammograms o f  laccase/Ac-MWCNTs bioelectrodes, in 
hydrodynamic (continuously air-purged) citrate/phosphate buffer electrolyte (0.2 M) performed at a 
scan rate o f 1 mV s ' (n = 3). Laccase/Ac-MWCNTs bioelectrodes were prepared on Toray paper
electrodes ( 1 cm^).
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Figure 4.19 -  Direct bioelectrocatalytic current densities o f the laccase/Ac-MWCNTs bioelectrodes in 
hydrodynamic (continuously air-purged) citrate/phosphate buffer electrolyte (0.2 M) between 
pH 4.5-7.5, derived from the cyclic voltammetry o f  the bioelectrodes at a scan rate o f 1 mV s"'
(n = 3, error = SD).
The observed behaviour of the laccase bioeleetrodes in different pH buffers reflects 
the change in enzymatic activity (more specifically, the activity of laccase towards
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the reduction o f O2 to H2O) over this range, although the results may actually be a 
compound effect. It could be possible, for example, that laccase may be more stable 
in a pH where the catalytic activity towards the reduction of O2 is not optimal; this 
could result in preservation o f the activity of laccase, giving rise to larger direct 
bioelectrocatalytic currents when electrochemically analysed. Furthermore, the 
behaviour of the TBAB-Nafion® may also change across a pH range. Thus, the effect 
of pH on the laccase direct bioelectrocatalytic electrodes should be considered as a 
reflection o f the bioelectrode preparation procedure and its architecture, and not used 
solely as a reflection o f the enzymatic activity o f laccase towards the direct 
bioelectrocatalytic reduction of O2.
The specific enzymatic activity of free laccase between pH 3.5 and 7.5 was 
also investigated (by UV spectroscopy); 2,2’-azino-bis(3-ethylbenzothiazoline-6- 
sulfonic acid) (ABTS) was used as the substrate (Figure 4.20).
The specific enzymatic activity o f laccase increased as the pH became more 
acidic, however, the optimum did not lie between pH 4 and 5; this reflects the fact 
that ABTS can be used as a reference for the comparison of specific enzymatic 
activities between different laccase samples, but it may not reflect the optimal pH for 
the reduction o f O2 by laccase since interaction between laccase and ABTS is 
optimal at pH 4.5 [26]. Interestingly, no activity was detected at pH 7.5.
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Figure 4.20 - Specific enzymatic activity o f  free laccase, in citrate/phosphate buffer (50 mM). Error
bars are shown as SD (n = 3).
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4.5.1. Glucose/02 Semi-Enzymatic Biological Fuel Cells
Non-enzymatic Pt/C air-breathing cathodes are commonly used to create a 
semi-enzymatic BFC [27-30]; this allows for investigation into the performance of 
potential enzymatic bioanodes. The potential use of the FAD-GDH/Fc-LPEI and 
GOd/Fc-LPEI bioeleetrodes as glueose-oxidising enzymatic bioanodes was 
investigated.
Figure 4.21 presents a diagram and photograph of a semi-enzymatic BFC 
configuration that utilises a Pt/C-membrane assembly as a cathode; the use of a 
membrane allows the cathodic chamber to operate on gaseous O2 (present in the 
atmosphere) whilst preventing leakage from the anodic chamber and facilitating 
proton-transfer to the cathode.
GC Anode
C athode Assem bly 
G asket 
Pt/C/Nafion® 
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0  = 25 mm
Anodic
cham ber
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A tm ospheric Og
Figure 4.21 -  Diagram (left) and photograph (right) o f a semi-enzymatic biological fuel cell 
configuration (Perspex body), utilising a Pt/C-membrane assembly as the cathodic component.
The complete preparation procedure of the Pt/C cathodic-assembly is reported within 
Chapter 2. In short, carbon cloth loaded with Pt (60% Pt supported on Vulcan
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XC-72, 0.5 mg cm'^) was hot pressed onto Nafion® 212 perfiuorinated membrane; 
this served as a Pt/C air-breathing cathode assembly, where the carbon surface that 
was treated with Pt faces away from the membrane (down, Figure 4.21).
Semi-enzymatic BFCs were created by coupling either FAD-GDH/Fc-LPEI or 
GOd/Fc-LPEI bioanodes with Pt/C cathode assemblies; bioanodes were prepared on 
GC electrodes (0.07 cm^ geometric surface area). The resulting semi-enzymatic 
BFCs were evaluated using linear sweep voltammetry (LSV), which has been shown 
to be a useful and efficient technique for the characterisation of enzymatic BFCs 
[31]. Furthermore, the semi-enzymatic BFCs were operated hydrostatically at pH 
5.5; this pH was chosen to act as a compromise between the optimal theoretical pH 
for laccase and FAD-GDH/GOd. Figure 4.22 presents a LSV trace and resultant 
power curve o f a FAD-GDH/Fc-LPEI semi-enzymatic BFC.
Upon operation of the BFC without the anodic substrate (0 mM glucose), a 
slow increase in current density is observed; this may be due to the presence o f any 
reduced FAD co-factor within FAD-GDH, or even reduced Fc-LPEI. This current 
sharply drops off, due to the absence o f glucose. The addition of glucose to the BFC 
(100 mM) improves the maximum current density o f the BFC, due to the continuous 
mediated bioelectrocatalytic oxidation o f glucose by FAD-GDH via the Fc-LPEI 
redox hydrogel. Once the BFC reaches its maximum current density, a slight 
decrease in current density is observed; this could reflect mass-transport issues at 
either the anode or cathode, however it is likely to be a function o f anodic limitation 
due to the oversized cathodic surface area (geometric = 4.91 cm^). This could also be 
explained by other functions within the BFC, such as increased resistance across the 
Nafion® membrane, the hydrostatic nature of the BFC, or even due to operation of 
the FAD-GDH anode at non-optimal pH. The semi-enzymatic BFC was subsequently 
operated at pH 6.5 (Figure 4.23).
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Figure 4.22 -  Representative linear sweep voltammogram (black) and resultant power curve (red) o f a 
semi-enzymatic BFC utilising a FAD-GDH/Fc-LPEI bioanode in citrate buffer electrolyte (0.2 M, pH 
5.5, quiescent), containing 0 (dashed) and 100 mM (solid) glucose and performed at a scan rate o f 1
mV s"\
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Figure 4.23 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f  a 
semi-enzymatic BFC utilising a FAD-GDH/Fc-LPEl bioanode in citrate buffer electrolyte (0.2 M, pH 
6.5, quiescent), containing 0 (dashed) and 100 mM (solid) glucose and performed at a
scan rate o f  1 mV s’’.
It was found that the operation of the BFC at pFl 6.5 largely obviated the possible 
mass-transport issue (Figure 4.22); furthermore, the maximum current density o f the
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BFC increased. Both o f these effects could be due to the operation o f the FAD-GDH 
bioanode in near-optimal pH. It still remains possible, however, that other factors 
may have been influenced by the change in pH, such as the mediated electron 
transfer pathway between FAD-GDH and the electrode.
Interestingly, the maximum current density is larger when the BFC is operated 
at pH 6.5, but the maximum power density is larger when the BFC is operated at 
pH 5.5. This can be explained by the effect o f pH on the redox potential o f the FAD 
co-factor; the power density of the BFC is calculated as a function o f the device 
current and potential (Equation 4.1).
P =  IV
Equation 4.1
As seen in Figure 4.22 and Figure 4.23, the potential at which the maximum current 
is recorded shifts when operated at pH 5.5 or 6.5, respectively. Thus is an identical 
current were recorded at two different potential differences, the larger potential 
difference would result in a larger power density.
Nevertheless, the operation of the FAD-GDH/Fc-LPEI bioeleetrodes as
bioanodes in a semi-enzymatic BFC resulted in the generation of a
bioelectrocatalytic current, confirming their successful operation as
glucose-oxidising bioanodes.
Comparable semi-enzymatic BFCs were prepared with GOd/Fc-LPEI
bioeleetrodes, operating as glucose-oxidising bioanodes; Figure 4.24 and Figure 4.25 
presents LSV traces and power curves at pH 5.5 and 6.5.
As for the FAD-GDH-based device operating at pH 5.5 (Figure 4.22), the 
addition of glucose to the GOd-based device resulted in an enhancement to the 
maximum current density o f the BFC. Furthermore, the GOd-based BFC exhibited 
higher maximum current densities than the FAD-GDH BFC, resulting in higher 
maximum power densities. Although a small decrease in current density is observed 
as the BFC approaches 0 V, the decrease is markedly smaller than its FAD-GDH 
counter-part; this may be explained by a slight difference in the optimum pH of the 
FAD-GDH- and GOd/Fc-LPEl bioanodes (Figure 4.14). It has also been reported 
that GOd can be self-inactivated by high glucose concentrations [32].
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Operation of the GOd/Fc-LPEI-based BFC at pH 6.5 resulted in a slight increase in 
the maximum current density of the BFC. Furthermore, the “tailing o ff’ in current 
density was largely removed; this may once again reflect the difference in 
bioelectrocatalytic turnover of the bioanode at different pH.
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Figure 4.24 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f a 
semi-enzymatic BFC utilising a GOd/Fc-LPEI bioanode in citrate buffer electrolyte (0.2 M, pH 5.5, 
quiescent), containing 0 (dashed) and 100 mM (solid) glucose and performed at a scan rate of
1 mV s '\
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Figure 4.25 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f  a 
semi-enzymatic BFC utilising a GOd/Fc-LPEl bioanode in citrate buffer electrolyte (0.2 M, pH 6.5, 
quiescent), containing 0 (dashed) and 100 mM (solid) glucose and performed at a scan rate o f
1 mV s‘‘.
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Table 4.1 presents the measured open-circuit potential (OOP) for the FAD-GDH- and 
GOd-based BFCs, operating in the above conditions (100 mM glucose).
Figure 4.26 compares the maximum current and power densities of these semi- 
enzymatic BFCs.
Table 4.1 -  Comparison o f  open-circuit potentials o f  FAD-GDH- and GOd- based semi-enzymatic
BFCs.
Bioauode pH O C P (V )/M e a u (± S D )
FAD-GDH/Fc-LPEI 5.5 0.462 (± 0.009)
FAD-GDH/Fc-LPEI 6.5 0.409 (± 0.033)
GOd/Fc-LPEI 5.5 0.517 (±0.038)
GOd/Fc-LPEI 6.5 0.401 (± 0.009)
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Figure 4.26 -  Comparison o f  maximum current densities and maximum power densities obtained for 
FAD-GDH- and GOd-based semi-enzymatic BFCs, operating hydrostatically in citrate/phosphate 
buffer (0.2 M) containing 100 mM glucose. Bioanodes were prepared on glassy carbon electrodes.
4.5.2. Glucose/02 Fully-Enzymatic Biological Fuel Cells
FAD-GDH- and GOd-based bioanodes were coupled with the laccase/Ac-MWCNTs 
direct bioelectrocatalytic biocathodes (Chapter 4.4), to create fully-enzymatic 
glucose/02 BFCs. Furthermore, the BFCs were operated in a single-compartment
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(membrane-less) configuration, exploiting the substrate specificity o f the enzymes; 
this favourable membrane-less configuration is commonly employed in 
fully-enzymatic BFCs, due to lower ionic resistivity and the potential to significantly 
miniaturise devices (whilst lowering cost). Laccase/Ac-MWCNTs biocathodes were 
prepared on Toray paper electrodes (1 cm^) throughout this chapter; 
glucose-oxidising bioanodes were prepared on either GC electrodes (0.0707 cm^) or 
Toray paper electrodes (1 cm^) (Figure 4.27).
C athode Anode Cathode Anode
Figure 4.27 - Diagram o f fully-enzymatic biological fuel cell configurations, where Toray paper 
electrodes are used for the cathodes, and Toray paper electrodes (left) or glassy carbon (GC) 
electrodes (right) are used as the anode (typically operated in 50 mL glass beakers).
Figure 4.28 and Figure 4.29 present LSV traces and resultant power curves from 
fully-enzymatic BFCs containing either a FAD-GDH/Fc-LPEI or GOd/Fc-LPEI 
bioanode coupled with a laccase/Ac-MWCNTs biocathode.
Both the FAD-GDH- and GOd-based BFCs showed a clear response to the 
addition of glucose; minimal “tailing o ff’ was observed upon reaching the maximum 
current density. As with the previously investigated Pt/C semi-enzymatic BFCs, the 
bioanodes were prepared on GC electrodes (0.07 cm^) which once again made the 
bioanode the limiting component; this dampening of the “tailing o f f ’ o f the 
maximum catalytic current could therefore suggest that ionic resistance across the 
previously used Nafion® membrane limits power and current density, although it 
could also represent other compatibility issues.
The power density o f the GOd-based semi-enzymatic BFC was larger than that 
o f its FAD-GDH-based counter-part. Replacing the Pt/C cathode assembly with a
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laccase/Ac-MWCNTs biocathode dramatically enhanced the performance o f the 
FAD-GDH-containing BFC (both BFC configurations were tested and compared at 
the University of Utah); this was most likely due to the removal of the Nafion® 
membrane and also an increase in the OCP of the BFC (due to the larger 
onset-potential o f Oi-reduction by laccase as opposed to Pt/C) given that the 
bioanode is still the limiting component. However, the GOd-based fully-enzymatic 
BFC unexpectedly did not show significant improvement over the Pt/C 
semi-enzymatic BFC. As shown in Figure 4.10 and in Figure 4.12, the GOd/Fc-LPEI 
bioanode is capable of dramatically and rapidly depleting the concentration of 
[O2 dissolved]; at this Stage it was therefore hypothesised that the depletion o f O2 by 
GOd may be responsible for lowering the relative performance of the GOd-based 
fully-enzymatic BFC.
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Figure 4.28 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f  a 
fully-enzymatic BFC utilising a FAD-GDH/Fc-LPEI bioanode and a laccase/Ac-MWCNTs 
biocathode, operating in citrate buffer electrolyte (0.2 M, pH 5.5, quiescent) containing 0 (dashed) and 
200 mM (solid) glucose and performed at a scan rate o f  1 mV s '\  Bioanodes were prepared on glassy 
carbon electrodes and results were collected at the University o f  Utah. Current and power densities are 
plotted as a function o f  the anodic geometric surface area.
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Figure 4.29 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f  a 
fully-enzymatic BFC utilising a GOd/Fc-LPEI bioanode and a laccase/Ac-MWCNTs biocathode, 
operating in citrate buffer electrolyte (0.2 M, pH 5.5, quiescent) containing 0 (dashed) and 200 mM 
(solid) glucose and performed at a scan rate o f  1 mV s ' \  Bioanodes were prepared on glassy carbon 
and results were collected at the University o f  Utah. Current and power densities are plotted as a 
function o f  the anodic geometric surface area.
pH Optimisation o f the Fullv-Enzvmatic Biolo2ical Fuel Cells
The performance o f the FAD-GDH- and GOd-based BFCs was investigated in 
citrate/phosphate buffer electrolyte at different pHs. Table 4.2 compares the OCPs of 
the FAD-GDH- and GOd-based BFCs.
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Table 4.2 - Comparison o f  open-circuit potentials o f  FAD-GDH- and GOd- based fully-enzymatic
BFCs.
Bioanode pH O C P (V )/M e a n (± S D )
FAD-GDH/Fc-LPEI 4.5 0.687 (± 0.005)
FAD-GDH/Fc-LPEI 5.5 0.638 (± 0.002)
FAD-GDH/Fc-LPEI 6.5 0.579 (± 0.008)
FAD-GDH/Fc-LPEI 7.5 0.349 (± 0.005)
GOd/Fc-LPEI 4.5 0.698 (± 0.003)
: GOd/Fc-LPEI 5.5 0:667 (± 0.002)
GOd/Fc-LPEI 6.5 0.575 (± 0.020)
1 GOd/Fc-LPEI 7.5 0.382 (± 0.008)
Open-circuit potentials were determined in hydrostatic citrate/phosphate buffer electrolyte (0.2 M) 
containing 200 mM glucose. The bioanodes were prepared on glassy carbon electrodes and the 
biocathodes were prepared on Toray paper electrodes.
Figure 4.30 and Figure 4.31 compare the maximum current densities and associated 
maximum power densities o f FAD-GDH- and GOd-based fully enzymatic BFCs, 
respectively (operating at different pH).
The largest maximum power densities of the BFCs are found at pH 4.5. 
Although the limiting bioanode is not operating at optimal pH (as shown in Figure 
4.14) catalytic activity is still present. The maximum power densities decrease with 
increasing pH, whereas the maximum current densities increase. This is due to the 
current being limited at the bioanode, where the smaller power densities may reflect 
the shift and difference between the redox/onset potentials o f the bioanode and 
biocathode. The larger current densities are observed due to improved glucose- 
oxidation (catalytic turnover) by the bioanode at higher pH (Figure 4.14). The 
maximum current and power densities decrease when the pH is increased to 7.5. This 
pH is near-optimal for the bioanodic oxidative processes, however, the direct 
bioelectrocatalytic turnover at the cathode is reduced at the biocathode (Figure 
4.18 - Figure 4.20), resulting in much lower overall performances of the BFCs. This 
suggests that laccase direct bioelectrocatalytic cathodes may be unsuitable in 
implantable BFCs, given the near-neutral pH of physiological fluids in which a 
potential BFC would be implanted [33].
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Figure 4.30 -  Maximum current densities and corresponding power densities o f  FAD-GDH/Fc-LPEI 
fully-enzymatic BFCs, operating in citrate/phosphate buffer electrolyte (0.2 M, quiescent) containing 
200mM glucose (determined by linear sweep voltammetry performed at a scan rate o f  1 mV s' )^. 
Bioanodes were prepared on glassy carbon and biocathodes were prepared on Toray paper electrodes. 
Current and power densities are plotted as a function o f the anodic geometric surface area (n = 3, SD).
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Figure 4.31 - Maximum current densities and corresponding power densities o f  GOd/Fc-LPEI fully- 
enzymatic BFCs, operating in citrate/phosphate buffer electrolyte (0.2 M, quiescent) containing 200 
mM glucose (determined by linear sweep voltammetry performed at a scan rate o f  1 mV s'*). 
Bioanodes were prepared on glassy carbon and biocathodes were prepared on Toray paper electrodes. 
Current and power densities are plotted as a function o f  the anodic geometric surface area (n = 3, SD).
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Bipotentiostatic Simle-Comvartment Operation o f Glucose-Oxidisins Bioanodes 
and Laccase Biocathodes
As shown in Figure 4.10 - Figure 4.12, GOd-containing bioanodes can dramatically 
and rapidly lower the [O2 dissolved] of a BFC electrolyte; on the other hand, FAD-GDH 
is O2 insensitive and does not significantly alter the [O2 dissolved]- Due to the 
favourable operation of a fully-enzymatic BFC in a single-compartment 
configuration, the potential for [O2 dissolved] depletion to affect the laccase/Ac- 
MWCNTs biocathodes was investigated. The results obtained from BFC testing only 
offer data as a function o f the combined responses of the bioanode and biocathode; 
alternatively, the addition of GOd (free in solution) to the electrolyte (in which, a 
laccase biocathode is operating) may yield inaccurate results due to the possibility of 
GOd interfering with the laccase/Ac-MWCNTs bioelectrode electrode.
To observe how GOd bioanodes may affect laccase biocathodes, two 
simultaneous independent half-cells were operated in the same electrolyte 
(chronoamperometric (CA) and bipotentiostatic); an oxidative potential was applied 
to the bioanode (+0.41 V vs. SCE), and an 02-reducing potential was applied to the 
biocathode (+0.2 V vs. SCE). Figure 4.32 presents the simultaneous CA traces o f a 
FAD-GDH/Fc-LPEI bioanode and a laccase/Ac-MWCNTs biocathode, operating in 
the same compartment.
A potential o f 50 mV greater than the oxidation peak of the Fc/Fc”^ (Fc-LPEI) 
was applied to the FAD-GDH/Fc-LPEI bioanode (determined from Figure 4.8). 
Upon initiation o f the trace (no glucose present), the bioanodic current began to 
asymptotically approach 0, due to the absence o f the substrate. Immediately after the 
addition of glucose (t = 700 seconds, final concentration o f 200 mM), a sharp 
oxidative current response was observed at the bioanode (approximately 
50 pA cm'^). This oxidative current response is explained by the mediated 
bioelectrocatalytic oxidation of glucose by FAD-GDH via Fc-LPEI (Figure 4.5). The 
current response of the bioanode remained stable until termination o f the experiment.
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Figure 4.32 -  Simultaneous chronoamperometric traces o f  a FAD-GDH/Fc-LPEI bioanode (black) 
and a laccase/Ac-MWCNTs biocathode (red), operating in the same citrate buffer electrolyte (pH 5.5, 
0.2 M). The electrolyte was gently stirred, but not artificially air-purged. Potentials o f  +0.41 and +0.2 
V (vs. SCE) were applied to the respective glucose-oxidising and 02-reducing bioelectrodes. At / = 
300 seconds, gentle air-purging was introduced into the electrolyte. At / = 600 seconds, the air- 
purging was terminated. Finally, at t = 700 seconds a single glucose injection was made, giving a final 
glucose concentration o f  200 mM. Bioelectrodes were prepared on Toray paper electrodes.
A potential of +0.2 V (vs. SCE) was applied to the laccase/Ac-MWCNTs biocathode; 
at this potential O2 is reduced to H2O by the biocathode (as shown in Figure 4.17 and 
Figure 4.18). Upon initiation of the trace (substrate present), the biocathodic current 
began to stabilise towards a negative current (approximately -180 pA cm’^ ); this 
reflects the direct bioelectrocatalytic reduction of O2 by the laccase/Ac-MWCNTs 
biocathode. The introduction o f gentle air-purging (t = 300 seconds) gave rise to a 
small increase in the biocathodic current magnitude, due to a slight increase in the 
[O 2 dissolved]- This small increase was removed upon termination o f the air-purging 
(t = 600 seconds). The addition of glucose to the electrolyte (/ = 700 seconds) did not 
have any effect on the catalytic performance o f the biocathode, and the cathodic 
current remained relatively stable until termination o f the experiment.
Figure 4.33 presents the simultaneous CA traces o f a GOd/Fc-LPEI bioanode 
and a laccase/Ac-MWCNTs biocathode, operating in the same compartment.
In a similar fashion to Figure 4.32, a potential of 50 mV greater than the 
oxidation peak of the Fc/Fc^ (Fc-LPEI) was applied to the GOd/Fc-LPEI bioanode 
(Figure 4.8). Upon initiation of the trace (no glucose present), the bioanodic current
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began to asymptotically approach 0, due to the absence of the substrate. Immediately 
after the addition of glucose {t = 700 seconds, final concentration of 200 mM), a 
sharp oxidative current response was observed at the bioanode (approximately 
70 pA cm‘^ ). This oxidative current response is explained by the mediated 
bioelectrocatalytic oxidation o f glucose by GOd via Fc-LPEI (Figure 4.5). The 
current response o f the bioanode remained relatively stable until termination o f the 
experiment.
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Figure 4.33 - Simultaneous chronoamperometric traces o f  a GOd/Fc-LPEI bioanode (black) and a 
laccase/Ac-MWCNTs biocathode (red), operating in the same citrate buffer electrolyte (pH 5.5, 0.2 
M). The electrolyte was gently stirred, but not artificially air-purged. A laccase/Ac-MWCNTs 
biocathode was also operated in citrate buffer electrolyte that was purged with Ng (red dashed). 
Potentials o f +0.41 and +0.2 V (vs. SCE) were applied to the respective glucose-oxidising and 0%- 
reducing bioelectrodes. At t = 300 seconds, gentle air-purging was introduced into the electrolyte. At t 
= 600 seconds, the air-purging was terminated. Finally, at / = 700 seconds a single glucose injection 
was made, giving a final glucose concentration o f  200 mM. Bioelectrodes were prepared on Toray
paper electrodes.
Similarly, a potential o f +0.2 V (vs. SCE) was applied to the laccase/Ac-MWCNTs 
biocathode; at this potential O2 is reduced to H2O by the biocathode (Figure 4.17 and 
Figure 4.18). Upon initiation of the trace (substrate present), the biocathodic current 
began to stabilise towards a negative current (approximately -175 pA cm'^); this 
reflects the direct bioelectrocatalytic reduction o f O2 by the laccase/Ac-MWCNTs 
biocathode. Interestingly, the introduction o f gentle air-purging (t = 300 seconds) 
gave rise to a small decrease in the biocathodic current magnitude. Furthermore, the 
biocathodic current continued to slowly decrease after termination of the air-purging
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{t = 600 seconds). Following the addition of glucose to the electrolyte {t = 700 
seconds), the biocathodic current rapidly decreased in magnitude. Lastly, a separate 
laccase/Ac-MWCNTs biocathode was operated in similar conditions but air-purging 
was not performed and the electrolyte was continuously purged with N : throughout 
the experiment (red dashed trace).
Comparison of the FAD-GDH- and GOd-based experimental configuration 
suggested that the loss in performance (determined by the catalytic current) observed 
at the biocathode may have been due to the rapid depletion o f [0% dissolved] from the 
electrolyte, but repeating the GOd-based experiment in continual air-purging 
conditions did not resolve the loss of catalytic performance that is observed at the 
biocathode following the addition of glucose to the electrolyte (Figure 4.34).
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Figure 4.34 - Simultaneous chronoamperometric traces o f  a GOd/Fc-LPEI bioanode (black) and a 
laccase/Ac-MWCNTs biocathode (red), operating in the same citrate buffer electrolyte (pH 5.5, 0.2 
M). The electrolyte was gently stirred; air-purging was initiated at ? = 320 seconds and continued until 
termination o f the experiment. Potentials o f  +0.41 and +0.2 V (vs. SCE) were applied to the respective 
glucose-oxidising and 02-reducing bioelectrodes. A t t  = 700 seconds a single glucose injection was 
made, giving a final glucose concentration o f 200 mM. Bioelectrodes were prepared on Toray paper
electrodes.
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H7O0 Inhibition o f Laccase Direct Bioelectrocatalytic Cathodes
In 2010, Scodeller et a l reported the first evidence to support the inhibition of 
laccase by H2O2; the research observed that H2O2 inhibited laccase mediated 
biocathodes that were based on an osmium-containing redox polymer [34].
It was therefore hypothesised that the loss in biocathodic catalytic performance 
observed in Figure 4.33 and Figure 4.34 could be due to the concomitant production 
o f H2O2 resulting from the reduction of O2 by GOd. Scodeller et a l (2010, [34]) had 
already reported the inhibition o f laccase by H2O2 on a mediated bioelectrocatalytic 
cathode, but DET is commonly employed to overcome inhibition by halides [35, 36]. 
Therefore, it was decided to investigate whether H2O2 (as produced by GOd) still 
affects laccase direct bioelectrocatalytic cathodes. Furthermore, GOd had not 
previously been reported as a source of its own device limitation when considering 
GOd-containing single-compartment BFCs.
The specific enzymatic activity of free laccase was investigated using UV 
spectroscopy; ABTS was used as the redox indicator (Figure 4.35). The addition of 
H2O2 to the assay resulted in a decrease in the specific enzymatic activity o f laccase, 
as determined by ABTS. The specific enzymatic activity o f laccase was determined 
to be 2.05 ± 0.18 U mg'^ (methodology provided in Chapter 2); the specific activity 
was determined to be at 50% of its specific activity in only 1.9 mM H2O2. The 
addition o f catalase to the buffer solution (containing H2O2) prevented the observed 
decline in the activity; testing with catalase was not performed above 25 mM H2O2, 
due to interference from the rapid production of O2 bubbles evolved by the 
degradation of H2O2 by catalase (Equation 4.2).
2H2O2 -+ O 2 + 2H2O
Equation 4.2
A small increase in the specific enzymatic activity of laccase was observed in the 
presence of H2O2 and catalase; this is most likely due to the local increase in 
[O2 dissolved] due to the catalytic decomposition of H2O2 by catalase. Catalase was 
recently incorporated into a laccase biocathode to increase the [O2 dissolved] at the 
biocathode, resulting in the improvement of biocathode performance [37].
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Figure 4.35 -  The effect o f  H2O2 on the specific enzymatic activity o f  laccase ( • )  in citrate buffer 
(0.05 M, pH 5.5). The inset presents the specific activity o f  laccase in the presence o f  catalase (o) and
H2O2 (error bars = SD).
Following investigation into the specific enzymatic activity o f laccase, CA was 
employed to investigate any effect of H2O2 on the laccase direct bioelectrocatalytic 
cathode. A laccase/Ac-MWCNTs biocathode was poised at +0.2 V (v5. SCE) where 
O2 is bioelectrocatalytically reduced to H2O; subsequent additions of H2O2 were 
made to the citrate buffer electrolyte (Figure 4.36).
Upon initiation o f the trace, the biocathodic current began to stabilise at 
approximately -150 pA cm'^; this reflects the direct bioelectrocatalytic reduction of 
O2 by the biocathode. The addition of H2O2 decreased the catalytic current 
magnitude; at 100 mM H2O2 the direct bioelectrocatalytic current magnitude had 
decreased to 6% of the catalytic current determined immediately prior to the first 
H2O2 addition {t = 400 seconds). Due to the relatively large concentration o f H2O2 
that was added to the electrolyte, it was initially hypothesised that H2O2 had 
denatured the enzyme (resulting in the loss o f catalytic activity towards O2), but 
rinsing of the electrode and placing it into fresh citrate buffer electrolyte recovered 
the direct bioelectrocatalytic current density to approximately 94% of its initial 
value. This suggests that H2O2 largely inhibits the enzyme, with minimal (or no) 
enzyme dénaturation. This study therefore supports the work o f
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Scodeller et al. (2010), further suggesting that laccase is still inhibited by H2O2 even 
when DET between the enzyme and electrode is employed [34].
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Figure 4.36 -  Chronoamperometric trace o f  a laccase/Ac-MWCNTs biocathode in a hydrodynamic, 
quiescent citrate buffer electrolyte (pH 5.5, 0.2 M). The biocathode was prepared on a Toray paper 
electrode, and poised at +0.2 V (vs. SCE). Additions o f H2O2 were made a t t  =  400,500, 600 and 700 
seconds, giving final H2O2 concentrations o f  25, 50, 75 and 100 mM.
Trace concentrations of C f ions are present within the stock solution o f H2O2 (to 
partially prevent the decomposition o f H2O2), thus a control CA experiment was 
performed (Figure 4.37) where a laccase/Ac-MWCNTs biocathode was exposed to 
the approximate trace quantities of Cl" that would be present following the addition 
of H2O2 (resulting in a final H2O2 concentration o f 100 mM).
The first addition o f NaCl (1 pM, corresponding to 100 mM H2O2) did not 
affect the direct bioelectrocatalytic current o f the laccase/Ac-MWCNTs biocathode. 
Similarly, the next addition of NaCl (20 pM) also did not affect the biocathodic 
current. Following additions of H2O2 confirmed the inhibition o f the 
laccase/Ac-MWCNTs biocathode (as per Figure 4.36).
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Figure 4.37 - Chronoamperometric trace o f a laccase/Ac-MWCNTs biocathode in a hydrodynamic, 
quiescent citrate buffer electrolyte (pH 5.5, 0.2 M). The biocathode was prepared on a Toray paper 
electrode, and poised at +0.2 V (v& SCE). Additions o f  NaCl were made at / = 200 and 250 seconds, 
giving final concentrations o f  1 and 20 pM. Further additions o f H2O2 were made a t t  = 300 and 400 
seconds, giving final concentrations o f  1 and 100 mM H2O2 .
Lastly, H2O2 additions were made to a FAD-GDH/Fc-LPEI vs. 
laccase/Ac-MWCNTs BFC to evaluate how H2O2 and its inhibition o f laccase 
biocathodes may impact its overall performance (Figure 4.38). The addition o f 5 mM 
H2O2 resulted in an approximate loss in maximum power density o f 35%; whilst a 
further 5 mM of H2O2 (total 10 mM) resulted in a further loss o f approximately 19%. 
These results highlight how small quantities of H2O2 can dramatically affect 
enzymatic BFCs that contain a source o f H2O2, and also affect laccase-based 
biocathodes.
133
Chapter 4: Glucose/Oi Enzymatic Biological Fuel Cells - Glucose Oxidase
Bioanodes affect Laccase Biocathodes
100i
— 0 mM H2 O; 
- -  5 mM HoO
Eo
^  60- 
m 50
S  40-
0)
o
CL
40050 100 150 200 250 300 3500
Current Density (7 ) / juA cm'^
Figure 4.38 - Power curves o f  a fully-enzymatic BFC utilising a FAD-GDH/Fc-LPEI bioanode and a 
laccase/Ac-MWCNTs biocathodc, operating in citrate buffer electrolyte (0.2 M, pH 5.5, quiescent) 
containing 0 (solid), 5 (dashed) and 10 mM (dotted) H2O2 and performed at a scan rate o f 1 mV s ' \  
Bioanodes were prepared on glassy carbon. Power densities are plotted as a function o f the anodic
geometric surface area.
24-Hour Continuous Operation o f FuUv-Enzvmatic Biolo2ical Fuel Cells 
The performance of hydrostatic quiescent BFCs was evaluated over a 24 hour 
discharge period, where the BFCs were potentiostatically held at the potential 
difference that corresponded to the maximum current discharge (determined from 
LSV in Figure 4.28 and Figure 4.29); a potential difference of 0.2 V was applied 
across the BFC.
Initially, semi-enzymatic BFCs were prepared and tested for 24 hours; this 
offers comparison into the relative stabilities of the FAD-GDH- and GOd-based 
bioelectrodes, when operating as bioanodes. Figure 4.39 presents 24 hour operational 
discharge stability data for FAD-GDH- and GOd-based bioanodes operating with 
Pt/C air-breathing cathode assembly. Over a 24 hour continuous discharge period, 
the performance of the semi-enzymatic BFCs did not differ greatly. Furthermore, this 
data suggests that the operational stabilities of the FAD-GDH/Fc-LPEI and 
GOd/Fc-LPEI bioanodes are similar, since identical air-breathing cathode assemblies 
are utilised in both BFC configurations.
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Figure 4.39 -  Average 24 hour stability curves for semi-enzymatic Pt/C BFCs utilising 
FAD-GDH/Fc-LPEI (solid) and GOd/Fc-LPEI (dashed) bioanodes, operating hydrostatically in 
quiescent citrate buffer electrolyte (0.2 M, pH 5.5) containing 200 mM glucose. The BFCs were 
potentiostatically poised at 0.2 V. The inset presents the same data scaled to a 5 hour time window. 
Bioanodes were prepared on glassy carbon electrodes (n = 3). Initial power density was determined to
be ? = 100 seconds.
The 24 hour operational stabilities of the two bioanode configurations were also 
compared to the two different cathodic configurations; Figure 4.40 compares the 
24 hour operational stability of a FAD-GDH/Fc-LPEI bioanode coupled with a Pt/C 
air-breathing cathode assembly and a laccase/Ac-MWCNTs biocathode.
Both of the FAD-GDH/Fc-LPEI BFC configurations show comparable 
discharge stability over a 24 hour period. This suggests that the FAD-GDH/Fc-LPEI 
bioanode does not dramatically affect the laccase/Ac-MWCNTs biocathode, and that 
the laccase/Ac-MWCNTs biocathode could exhibit comparable stability to the Pt/C 
air-breathing cathode assembly. Figure 4.41 compares the 24 hour operational 
stability of a GOd/Fc-LPEI bioanode coupled with a Pt/C air-breathing cathode 
assembly and a laccase/Ac-MWCNTs biocathode.
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Figure 4.40 - Average 24 hour stability curves FAD-GDH/Fc-LPEI BFCs where the cathode is a Pt/C 
air-breathing assembly (solid) or a laccase/Ac-MWCNTs biocathode (dashed), operating 
hydrostatically in quiescent citrate buffer electrolyte (0,2 M, pH 5.5) containing 200 mM glucose. The 
BFCs were potentiostatically poised at 0.2 V. The inset presents the same data scaled to a 5 hour time 
window. Bioanodes were prepared on glassy carbon electrodes (n = 3). Initial power density was
determined to be / = 100 seconds.
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Figure 4.41 - Average 24 hour stability curves GOd/Fc-LPEI BFCs where the cathode is a Pt/C air- 
breathing assembly (solid) or a laccase/Ac-MWCNTs biocathode (dashed), operating hydrostatically 
in quiescent citrate buffer electrolyte (0.2 M, pH 5.5) containing 200 mM glucose. The BFCs were 
potentiostatically poised at 0.2 V. The inset presents the same data scaled to a 5 hour time window. 
Bioanodes were prepared on glassy carbon electrodes (n = 3). Initial power density was determined to
be /=  100 seconds.
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Unlike the FAD-GDH/Fc-LPEl BFC configurations, the 24 hour operational 
stabilities o f the GOd/Fc-LPEI BFCs when coupled with either a Pt/C air-breathing 
cathode assembly or a laccase/Ac-MWCNTs biocathode change. Within the first 
30 minutes o f operation, the performance of the fully-enzymatic BFC dramatically 
decreases. This could be explained by the rapid depletion of [O2 dissolved] and its 
resulting production of H2O2 (by GOd), resulting in rapid inhibition o f the laccase 
cathode (Chapter 4.5.2).
However, the performance of the fully-enzymatic BFC appears to improve 
(when compared to the semi-enzymatic BFC) after an operational period of 
approximately 10 hours. The fully-enzymatic BFCs were repeated, but Toray paper 
electrodes were used for both the bioanode and biocathode. In theory, this makes the 
biocathode the limiting component of the fully-enzymatic BFCs which may 
emphasise any detrimental effects that are placed upon the biocathode (Figure 4.42). 
Furthermore, an all-Toray paper BFC is simpler in design (also lower in cost), and 
may reflect an actual operational/implantable device.
The GOd/Fc-LPEI containing BFC shows considerably decreased performance 
across a 24 hour operational period (in comparison to a FAD-GDH/Fc-LPEI 
containing device), producing virtually no power output at the end o f the testing 
period. The use o f Toray paper electrodes also increases the quantity o f immobilised 
GOd per BFC; this therefore theoretically produces more H2O2 (by the side-reaction 
of GOd), thus enhancing the inhibition of laccase by H2O2 and providing further 
confirmation o f the potential for GOd-based bioanodes to inhibit laccase 
biocathodes.
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Figure 4.42 - Average 24 hour stability curves fully-enzymatic BFCs containing a FAD-GDH/Fc- 
LPEI (solid) or GOd/Fc-LPEI (dashed) bioanode, operating hydrostatically in quiescent citrate buffer 
electrolyte (0.2 M, pH 5.5) containing 200 mM glucose. The BFCs were potentiostatically poised at 
0.2 V. The inset presents the same data scaled to a 5 hour time window (n = 3). Initial power density 
was determined to be / = 100 seconds. All electrodes were prepared on Toray paper electrodes
(1 cm").
4.6. Discussion: Glucose/O] Enzymatic Biological Fuel Cells - Glucose Oxidase 
Bioauodes affect Laccase Biocathodes
The development and investigation of two differing mediated glucose-oxidising 
bioelectrodes was undertaken; FAD-GDH was investigated as a potential 
“02-insensitive” glucose-oxidising enzyme and as a replacement for GOd. One 
bioelectrode architecture investigated the direct attachment of a Fc-mediator to GOd
[3]; although a mediated bioelectrocatalytic response was observed, the electrodes 
proved to be largely unrepeatable and unreproducible. Furthermore, successful 
bioelectrodes failed to exhibit mediated bioelectrocatalytic activity after 1 day, 
reflecting inherent issues with respect to the physical stability o f the bioelectrode. 
The immobilisation of FAD-GDH and GOd within a Fc-LPEI redox hydrogel [ 17, 
20] was also investigated (Figure 4.8); apparent Michaelis-Menten kinetics for the 
mediated bioelectrocatalytic oxidation of glucose were investigated (for both 
enzymes), as well as the effect of pH on the catalytic currents of the bioelectrodes.
Lastly, the rapid depletion of [ O 2 dissolved] by the GOd/Fc-LPEI bioelectrode 
(Figure 4.10 and Figure 4.12) was observed. In contrast, investigation into the
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02-insensitivity of the FAD-GDH/Fc-LPEI bioelectrodes revealed no significant 
[O2 dissolved] depletion by FAD-GDH (Figure 4.11).
A laccase direct bioelectrocatalytic cathodic configuration 
(laccase/Ac-MWCNTs) was investigated as a potential component for incorporation 
within a fully-enzymatic, glucose/02 BFC. Direct bioelectrocatalysis was obtained 
by the incorporation of anthracene-moieties onto MWCNTs. The ability for the 
laccase/Ac-MWCNTs biocathodes to reduce O2 between pH 4.5 -  7.5 was 
investigated; the biocathodes showed direct bioelectrocatalytic activity between 
pH 4.5 -  6.5, but no significant catalytic activity was observed at pH 7.5. 
Furthermore, specific enzymatic activity assays confirmed no significant enzymatic 
activity at pH 7.5.
Deeper investigation into the possible effect o f GOd-based mediated bioanodes 
on laccase-based biocathodes was then performed. When a GOd/Fc-LPEI 
bioelectrode (operating as a bioanode) was coupled with a laccase/Ac-MWCNTs 
bioelectrode (operating as a biocathode) and operated in the same electrolyte, the 
addition of glucose to the electrolyte resulted in a loss of performance o f the 
laccase/Ac-MWCNTs (Figure 4.33). Further experiments confirmed that this loss in 
performance was not due to the depletion o f [O2 dissolved] (Figure 4.34), but was 
in-fact due to the introduction o f H2O2 into the electrolyte (Figure 4.13), resulting in 
the inhibition of the laccase/Ac-MWCNTs biocathode by H2O2 (Figure 4.35, Figure 
4.36 and Figure 4.37). It has been reported that this parasitic side reaction o f GOd 
could be detrimental to enzymatic gIucose/02 BFCs [9, 38]. Furthermore, the 
inhibition o f mediated bioelectrocatalytic laccase biocathodes by H2O2 has 
previously been reported [34], although no other reports exist (to the author’s best 
knowledge). No reports demonstrating or documenting the effect o f H2O2 on laccase 
direct bioelectrocatalytic cathodes exist (other than the author’s work), for which 
GOd has been identified as the source o f its own device limitation [15].
FAD-GDH/Fc-LPEI bioanodes did not significantly affect the laccase/Ac- 
MWCNTs biocathodes (Figure 4.32), confirming their inhibition by H2O2 and the 
ability for GOd-based bioanodes to deleteriously affect laccase-based biocathodes.
The potential for the FAD-GDH/Fc-LPEI and GOd/Fc-LPEI bioelectrodes to 
operate as bioanodes within glucose/02 BFC was investigated. Firstly, the bioanodes 
were coupled with Pt/C air-breathing cathode assemblies in the creation o f semi-
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enzymatic BFCs. The bioanodes were then coupled with the laccase/Ac-MWCNTs 
biocathodes, in the creation of fully-enzymatic BFCs. The electrochemical 
performances o f these BFCs were investigated at different pH. The replacement of 
the Pt/C air-breathing cathodic assembly with laccase/MWCNTs biocathodes 
resulted in a significant improvement in BFC performances, for the FAD-GDH/Fc- 
LPEI-containing devices. Interestingly, an improvement in performance was not 
observed for the GOd/Fc-LPEI-containing devices; this suggested that [O2 dissolved] 
depletion previously observed for the GOd-based bioelectrodes may be lowering the 
performance o f the BFCs.
Further investigation into the potential limitation of laccase/Ac-MWCNTs 
biocathodes by GOd-based bioanodes revealed that the laccase/Ac-MWCNTs direct 
bioelectrocatalytic cathodes are significantly inhibited by H2O2; furthermore, it was 
found that GOd-based bioanodes effectively produced significant quantities o f H2O2 
to effectively inhibit the laccase/Ac-MWCNTs biocathodes, present within the same 
single-compartment device. The inhibition of laccase by H2O2 was also investigated 
by specific enzymatic activity assays. The addition of H2O2 to a “H202-free” 
fully-enzymatic BFC (utilising a FAD-GDH/Fc-LPEI bioanode) revealed that H2O2 
can significantly affect the maximum power densities o f BFCs (Figure 4.38).
Finally, the operational stabilities of fully-enzymatic BFCs operating 
(potentiostatically and continually) at “high” current discharge for a 24 hour period 
were investigated. When coupled against Pt/C air-breathing cathode assemblies, the 
FAD-GDH- and GOd-based BFCs showed comparable performances, suggesting 
similar operational stabilities of the two different bioanodes over a 24 hour 
operational period. Replacement of the Pt/C air-breathing cathode assemblies with 
laccase/Ac-MWCNTs biocathodes resulted in lower observed performances in 
GOd-containing BFCs. Further investigation and comparison with 
FAD-GDH-containing BFCs suggest H2O2 significantly affects the performance of 
glucose/02 enzymatic BFCs.
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5. Laccase and Bilirubin Oxidase Direct Bioelectrocatalytic 
Cathodes - The Impact of Halide Ions and Hydrogen 
Peroxide
5.1. Introduction
The mediated bioelectrocatalytic reduction o f O2 by laccase and by bilirubin oxidase 
(BOd) has been studied; osmium-complexes [1-6] or 2,2’-azino-bis(3- 
ethylbenzothiazoline-6-sulfonic acid) (ABTS) [7-10] are commonly used as electron 
mediators (mediated electron transfer, MET) for these multi-copper oxidases 
(MCOs). Furthermore, the direct bioelectrocatalytic reduction o f O2 by these 
enzymes has also been demonstrated [11-16]. Due to the ability o f these enzymes to 
oxidise phenolic substrates, the attachment o f polycyclic moieties to the surface o f 
graphite electrodes has been shown to improve direct electron transfer (DET) with 
the enzymes (where this DET focuses primarily on interaction with the type-1 (T l) 
copper centre of the enzyme) [17, 18]. The attachment of anthracene-moieties to 
multi-walled carbon nanotubes (Ac-MWCNTs) has also been shown to effectively 
improve direct bioelectrocatalytic current densities that are observed at 0 2 -reducing 
laccase biocathodes, due to increased anthracene-group loadings and active surface 
area [19-21]. DET is also favourable because it increases the theoretical open-circuit 
potential o f a device (Chapter 1).
The inhibition of laccase and BOd by halide ions (mostly CF and F') is widely 
known; an implantable enzymatic biological fuel cell (BFC) must, however, be able 
to operate in 150 mM CF (at physiological concentration) [22-24]. Interestingly, BOd 
is reported to be less sensitive to halide ion inhibition [11, 25, 26]. The inhibition of 
these MCOs by CF is reported to take place at the T l copper centre, where CF 
disrupts the oxidation o f substrates [11, 12]. It is widely reported that the 
bioelectrocatalytic (both MET and DET) reduction o f O2 by laccase and BOd largely 
takes place via the T l site, CF inhibition therefore presents itself as an issue [13, 17, 
22, 27]. In most cases, the presence of low concentrations of CF largely supresses 
mediated bioelectrocatalysis, but it has been shown that certain MET applications 
(where the mediator strongly interacts with the T l site) can introduce a degree o f
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resistance to this inhibition [22]. Furthermore, DET between these MCOs and an 
electrode also introduces a degree o f resistance to CF inhibition [11, 12, 28]. The 
inhibition o f these MCOs by F', however, presents different concerns; it is reported 
that F' disrupts electron transfer and communication between the T l site and T2/T3 
tri-nuclear cluster (TNC) by strongly binding to the TNC [11, 12, 26, 28].
Scodeller et a l (2010) demonstrated the inhibition of a laccase mediated 
bioelectrocatalytic 0 2 -reducing cathode by H2O2 [1], and the work presented within 
this thesis (Chapter 4) presents the inhibition o f a direct bioelectrocatalytic laccase 
cathode by EI2O2. To the author’s best knowledge, no further investigation into the 
inhibition mechanism o f laccase by H2O2 has been reported (prior to writing this 
thesis). Furthermore, no studies documenting how H2O2 may affect BOd MET and 
DET biocathodes were found.
Some o f the results presented below have been published in the RSC journal 
“Chemical Communications”, as attached in Appendix A [29].
5.2. Aims and Objectives
The initial aims o f this chapter were to develop a BOd-based direct 
bioelectrocatalytic biocathode (investigating whether Ac-MWCNTs offer enhanced 
DET), determining whether any resulting BOd-based bioelectrodes can reduce O2 via 
DET between pH 4.5 and 7.5. The effect o f H2O2, CF and F‘ will then be investigated 
on BOd/Ac-MWCNTs and laccase/Ac-MWCNTs bioelectrodes.
Objectives:
• investigate whether the attachment of anthracene moieties to MWCNTs 
(Ac-MWCNTs) can improve DET between BOd (Myrothecium sp.) and an 
electrode (as shown for laccase)
• investigate the effect o f H2O2 on BOd and resulting BOd/Ac-MWCNTs 
bioelectrodes
• further investigate the inhibition of laccase (Trametes versicolor) 
bioelectrodes (both mediated and direct) by H2O2.
Furthermore, the effects of CF and F' ions on both of these biocathodic 
configurations were also investigated.
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5.3. Direct Bioelectrochemistry of Bilirubin Oxidase
The direct bioelectrocatalytic reduction o f O2 by BOd on Ac-MWCNTs was 
investigated; biocathodes without anthracene functionalities were first tested, where 
MWCNTs modified with hydroxyl groups (OH-MWCNTs) were used. Modification 
of the OH-MWCNTs was then performed to obtain Ac-MWCNTs (Chapter 2). The 
biocathodes were prepared with the same procedure used to make the 
laccase/Ac-MWCNTs biocathodes in Chapter 4. Similarly, biocathodes were 
prepared on Toray paper electrodes, with a geometric surface area of 1 cm^ (single 
sided).
5.3.1. Cyclic Voltammetry o f  Bilirubin Oxidase Bioelectrodes
The performances of BOd direct bioelectrocatalytic cathodes prepared with
OH-modified MWCNTs (BOd/OH-MW CNT s) and Ac-modified MWCNTs
(BOd/Ac-MWCNTs) were first compared with cyclic voltammetry (CV) (Figure
5.1).
Firstly, analysis o f the BOd/Ac-MWCNTs bioelectrodes under Ar-purging 
(solid, black line) showed almost no catalytic current; slight direct bioelectrocatalysis 
was observed, and is attributed to the presence of low concentrations of [O2 dissolved] 
present within the electrolyte or within the porous Toray paper electrode. Analysis o f 
the BOd/Ac-MWCNTs bioelectrodes under air-purging resulted in a large reductive 
increase in current, which reflects the direct bioelectrocatalytic reduction o f O2 by 
the BOd/Ac-MWCNTs bioelectrode. The reduction o f O2 by the BOd/Ac-MWCNTs 
begins at an approximate onset potential o f 0.57 V (vx. Ag/AgCl), reaching 
maximum current densities o f approximately 0.28 mA cm'^ (at a scan rate of 
1 mV s'').
The direct bioelectrocatalytic reduction o f [O2 dissolved] was also observed on the 
BOd/OH-MWCNTs bioelectrodes; catalysis begins at approximately 0.55 V 
(vs. Ag/AgCl) and reaches maximum current densities o f approximately 0.25 mA 
cm'^. The shape of the catalytic O2 reduction waves for the two different bioelectrode 
architectures suggests that the use o f Ac-MWCNTs improves DET and direct 
bioelectrocatalysis between BOd and the electrode; the BOd/Ac-MWCNTs offers a 
larger onset potential for the reduction o f O2 and larger catalytic currents (across the 
same potential window, under the same conditions). Furthermore, the catalytic
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current magnitude increases at a steeper rate once the applied potential is less than 
the onset potential, almost reaching a plateau at approximately 0.35 V (vx. Ag/AgCl). 
In contrast, the BOd/OH-MWCNTs bioelectrodes do not reach a plateau (within the 
investigated potential window).
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Figure 5.1 -  Averaged cyclic voltammograms o f BOd/Ac-MWCNTs (black) bioelectrodes in 
Ar-purged (solid) and air-purged (dashed) hydrodynamic citrate/phosphate buffer electrolyte (0.2 M, 
pH 6.5), at a scan rate o f  1 mV s’’. BOd/OH-MWCNTs were also analysed under air-purged 
conditions (red). Bioelectrodes were prepared on Toray paper electrodes (n = 3).
pH Optimisation o f Bilirubin Oxidase Bioelectrodes
The performance of the direct bioelectrocatalytic reduction of O2 to H2O by the 
BOd/Ac-MWCNTs bioelectrodes was investigated by CV in citrate/phosphate buffer 
electrolyte between pH 4.5-7.5 (Figure 5.2).
Unlike the laccase/Ac-MWCNTs bioelectrodes, direet bioelectrocatalysis was 
observed for the BOd/Ac-MWCNTs bioelectrodes between pH 4.5 and 7.5; this 
reflects the additional scope for BOd-based bioelectrodes to be incorporated as
02-reducing biocathodes within implantable BFCs. The direct bioelectrocatalytic 
currents o f the BOd/Ac-MWCNTs bioelectrodes in different pH were compared at an 
over potential of 350 mV after the onset potential of the reduction of O2 (Figure 5.3).
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Figure 5.2 -  Average cyclic voitammograms o f BOd/Ac-MWCNTs bioelectrodes in hydrodynamic 
(continuously air-purged) citrate/phosphate buffer electrolyte (0.2 M) performed at a scan rate o f  
1 mV s * (n = 3). BOd/Ac-MWCNTs were prepared on Toray paper electrodes (1 cm^).
O
Bcno
2
u
<Do
in
"u
0)
Eo
<
E -0.20-
-0.25-
(/)c
(D
Q
c
2
L_
-0.30-
-O.35J
4.5 5.5 6.5 7.5
pH
Figure 5.3 -  Average direct bioelectrocatalytic current densities o f the BOd/Ac-MWCNTs 
bioelectrodes in hydrodynamic (continuously air-purged) citrate/phosphate buffer electrolyte (0.2 M) 
between pH 4.5-7.5, derived from the cyclic voltammetry o f  the bioelectrodes at a scan rate o f
1 mV s'’ (n = 3, error = SD).
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As mentioned previously (for the laccase/Ac-MWCNTs bioelectrodes, Chapter 4) the 
direct bioelectrocatalytic currents presented in Figure 5.3 do not solely reflect the 
catalytic activity o f BOd at different pH, but compare the effect o f pH on all 
components o f the bioelectrode. The specific enzymatic activity o f free BOd was 
also investigated between pH 3.5 and 7.5 (by UV spectroscopy); ABTS was used as 
the substrate (Figure 5.4), as described in Chapter 2.
Enzymatic activity was observed across the investigated pH range, although 
the specific enzymatic activity increased at more acidic pH despite the reported 
optimum pH for the reduction of O2 (detected by the oxidation o f bilirubin) being 
approximately pH 6 by the manufacturer/supplier (Sekisui Diagnostics Datasheet: 
BIOX-70-1021). As explained for laccase (Chapter 4), the specific enzymatic 
activities determined for BOd with ABTS as the substrate reflect the total combined 
activities of BOd towards O2 and ABTS, thus the specific enzymatic activities (as 
determined by ABTS) act as a reference for comparison between enzyme batches 
and species (since interaction between ABTS and BOd may increase at lower pH, as 
seen for laccase [30]). Unlike laccase, enzymatic activity was observed at pH 7.5 
which reflects the ability o f BOd to reduce O2 in physiological conditions [31].
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Figure 5.4 -  Specific enzymatic activity o f  BOd, in citrate/phosphate buffer (50 mM). Data shown as
average (mean) ± SD (n = 3).
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5.4. Laccase and Bilirubin Oxidase Direct Bioelectrocatalytic Cathodes:
5.4.1. The Impact o f Halide Ions
The effect of Cl and F’ ions on the bioelectrocatalytic reduction o f 0% by the 
laccase/Ac-MWCNTs and BOd/Ac-MWCNTs bioelectrodes was investigated. The 
effect o f C r was investigated at a final concentration of 150 mM (physiological), 
whereas F' was investigated at a concentration o f 15 mM (where investigated [F‘] 
usually ranges between 2 - 4 0  mM) [12, 22, 28].
BOd/Ac-MWCNTs Bioelectrodes
Figure 5.5 presents the effect o f CF and F' on the chronoamperometric (CA) trace of 
a laccase/Ac-MWCNTs bioelectrode poised at +0.2 V (v& Ag/AgCl), where O2 is 
bioelectrocatalytically reduced at the laccase/Ac-MWCNTs bioelectrode via DET.
The electrolyte was stirred continually throughout the experiment, and 
argon-purging was performed upon initiation o f the trace. A small catalytic current is 
observed under argon purging; this is most likely due to the incomplete removal of 
[ O 2 dissolved] from the electrolyte. At  ^= 200 seconds, argon-purging was terminated 
and air-purging was introduced; this resulted in a sharp decrease in current density 
(to approximately -0.36 mA cm"^) which reflects the direct bioelectrocatalytic 
reduction o f O2 by the BOd/Ac-MWCNTs bioelectrode.
At t = 500 seconds 0.2 mM ABTS was added to the electrolyte (at a final 
concentration of 0.2 mM), and virtually no increase in current magnitude was 
observed. This suggests that the majority o f catalytically-active BOd present within 
the BOd/Ac-MWCNTs bioelectrode architecture undergoes the direct 
bioelectrocatalytic reduction of O2 via DET at the electrode. The addition o f CF (at a 
final concentration of 150 mM) at t = 750 seconds resulted in a small decrease o f the 
catalytic current magnitude resulting from DET, as expected; this addition o f CF 
removed approximately 18% of the catalytic current arising from DET (via the 
Ac-MWCNTs).
Lastly, the addition of F at t = 1000 seconds removed a further 11 % 
(approximate) of the total current magnitude arising from the direct 
bioelectrocatalytic reduction of O2 (before the addition o f CF). It was hypothesised
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that F" would largely disrupt electron transport between the T1 and TNG copper 
centres of BOd (where the DET o f BOd takes place at the T1 copper centre).
Argon-purging at / = 1300 seconds resulted in the removal o f the catalytic 
current resulting from the reduction o f O2 by the BOd/Ac-MWCNTs bioelectrode, 
confirming that BOd present within the bioelectrode architecture was still 
catalytically-active following the addition o f f .
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Figure 5.5 - Chronoamperometric trace o f  a BOd/Ac-MWCNTs bioelectrode operating in 
citrate/phosphate buffer electrolyte (0.2 M, pH 6.5). The electrolyte was gently stirred throughout the 
experiment. The BOd/Ac-MWCNTs bioelectrode was prepared on a Toray paper electrode, and 
potentiostatically poised at -4-0.2 V (w. Ag/AgCl).
Laccase/Ac-MWCNTs Bioelectrodes
Figure 5.6 presents the effect of Cl" and F" on the chronoamperometric (CA) trace of 
a laccase/Ac-MWCNTs bioelectrode poised at +0.2 V (v& Ag/AgCl), where O2 is 
bioelectrocatalytically reduced by the laccase/Ac-MWCNTs bioelectrode via DET.
As with Figure 5.5, the electrolyte was stirred continuously throughout the 
experiment and argon-purging was performed upon initiation o f the trace. Similarly, 
a small catalytic current is observed under argon purging; this is most likely due to 
the incomplete removal o f [ O 2 dissolved] from the electrolyte. At t = 2 0 0  seconds, 
argon-purging was terminated and air-purging was introduced; this resulted in a 
sharp decrease in current density (to approximately - 0 .3  mA cm"^) which reflects the 
direct bioelectrocatalytic reduction o f O2 by the laccase/Ac-MWCNTs bioelectrode.
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At  ^ = 500 seconds 0.2 mM ABTS was added to the electrolyte (at a final 
concentration of 0.2 mM), which resulted in an increase in the catalytic current 
magnitude of approximately 70% of the current obtained via DET. This can be 
explained by the mediated bioelectrocatalytic reduction o f 0% by laccase (via ABTS 
(MET)) that may be present on the electrode but not “docked” at an anthracene 
moiety present on the Ac-MWCNTs, and therefore not undergoing DET. 
Nevertheless, the addition o f Cl' (at a final concentration of 150 mM) at  ^ = 750 
seconds resulted in the complete removal o f the catalytic current resulting from MET 
(via ABTS), as expected; furthermore, this addition of C f removed a further 19% of 
the catalytic current arising from DET (via the Ac-MWCNTs) reflecting the ability 
o f DET to largely suppress the inhibition o f laccase by Cl".
Lastly, the addition o f F" at ? = 1000 seconds completely removed the current 
arising from the direct bioelectrocatalytic reduction o f O2 by the 
laccase/Ac-MWCNTs bioelectrode (DET). This was because o f the ability o f F" to 
disrupt electron transport between the T1 and TNC copper centres o f laccase (where 
the DET o f laccase takes place at the T1 copper centre), and reflects the difference in 
potency of Cl" and F" on laccase [32]. Argon-purging at  ^= 1200 seconds resulted in 
no further change in current, confirming the complete inhibition o f the laccase/Ac- 
MWCNTs bioelectrode by F".
E
0.00-
-0.05-
Ü -0.10-
1 -0.15-
-0.20-
-0.25-
-0.30-
Wc -0.35-0
0 -0.40-
c -0.45-
E -0.50-
3
0 -0.55-
-0.60+
C
15 mM
0.2 mM 
ABT^
150 mM 
Cl
Argon
250 500 750 1000
Time / seconds
1250 1500
Figure 5.6 -  Chronoamperometric trace o f  a laccase/Ac-MWCNTs bioelectrode operating in 
citrate/phosphate buffer electrolyte (0.2 M, pH 4.5). The electrolyte was gently stirred throughout the 
experiment. The laccase/Ac-MWCNTs bioelectrode was prepared on a Toray paper electrode, and 
potentiostatically poised at +0.2 V (w. Ag/AgCl).
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BSA/Ac-MWCNTs Control Bioelectrode
A control bioelectrode was also prepared, where the MCO was replaced with 
catalytically-inactive bovine serum albumin (BSA); the CA trace o f the control 
bioelectrode (BSA/Ac-MWCNTs) was evaluated under additions o f Cl", F", 
air-purging, ABTS and H2O2 (Figure 5.7).
The electrolyte was continually stirred throughout the experiment and initially 
purged with argon. The additions of air (t = 150 seconds), ABTS (t = 250 seconds). 
Cl" (150 mM, t = 250 seconds), H2O2 (100 mM, t = 450 seconds) and F" (15 mM, 
t = 550 seconds) did not result in any significant change in the current observed at 
the control bioelectrode.
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Figure 5.7 - Chronoamperometric trace o f  a BSA/Ac-MWCNTs control bioelectrode operating in 
citrate/phosphate buffer electrolyte (0,2 M, pH 6.5). The electrolyte was gently stirred throughout the 
experiment. The BSA/Ac-MWCNTs control bioelectrode was prepared on a Toray paper electrode, 
and potentiostatically poised at +0.2 V (v& Ag/AgCl).
This confirms that the responses observed by these additions in systems including 
MCOs (Figure 5.6 and Figure 5.5) reflect interactions with the MCOs and disruption 
o f their catalytic activity.
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5.4,2. The Impact o f Hydrogen Peroxide
BOd/Ac-MWCNTs Bioelectrodes
The specific enzymatic activity o f BOd was also investigated in the presence of 
H2O2; ABTS was used as the substrate (Figure 5.8).
The addition of increasing concentrations of H2O2 to the citrate/phosphate 
buffer resulted in lower specific enzymatic activities o f BOd. Catalase (20 pg mL"^) 
was added to the citrate/phosphate buffer to rapidly remove H2O2 (as in Chapter 4); 
this resulted in the preservation o f the specific enzymatic activities o f BOd. The 
addition o f catalase was only studied up to 25 mM H2O2, due to interference 
resulting from the formation of O2. Furthermore, the specific enzymatic activities 
slightly increase in the presence of H2O2 and catalase; this can be explained by an 
increase in [O2 dissolved] due to the catalytic decomposition o f H2O2 by catalase 
(Equation 5.1).
2H2O2 —>02 + 2H2O 
Equation 5.1
Comparison to laccase (Chapter 4) suggests that BOd exhibits less sensitivity to 
H2O2 (which may compare to less sensitivity towards halide ions), due to the larger 
relative specific activities (as a percentage o f the initial specific activities). The 
specific activity o f BOd was further investigated in the presence o f H2O2 and 
catalase, although BOd was added to the buffer together and allowed to “incubate” 
for 5 minutes before measurement. A further decrease in the specific activity was 
observed; 5 minutes o f rest in the absence o f H2O2 confirmed no decrease in the 
specific activity o f BOd (control).
This experiment was then repeated with two different experimental 
configurations (at pH 6.5). The first consisted o f the incubation o f BOd with 25 mM 
H2O2 for 5 minutes, followed by the addition o f catalase. The second experiment 
consisted of adding H2O2 (25 mM) and catalase first, followed by the addition of 
BOd. This allows for estimation of the specific activity that is lost by the incubation 
o f BOd in 25 mM H2O2 for 5 minutes; the rapid decomposition o f H2O2 by catalase 
results in an increase in the [O2 dissolved]- This increase in [O2 dissolved] is therefore
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accounted for in the second experiment. It was found that the incubation o f BOd in 
25 mM H2O2 for 5 minutes results in the loss of approximately 65% of its initial 
specific enzymatic activity. Furthermore these experiments also suggest that BOd is 
denatured (or irreversibly/strongly inhibited) by H2O2, resulting in a loss o f specific 
catalytic activity even when H2O2 is removed.
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Figure 5.8 - Specific enzymatic activity o f free BOd, in citrate/phosphate buffer (50 mM, pH 5.5) 
containing 0 - 1 0 0  mM H2O2 . The inset presents the specific enzymatic activities o f  BOd in 
citrate/phosphate buffer containing H2O2 and catalase. Data shown as average (mean) ± SD (n = 3).
The effect of H2O2 on the BOd/Ac-MWCNTs bioelectrode was investigated by CA 
(Figure 5.9).
Following the introduction of air to the electrolyte, a decrease in current was 
observed for both BOd/Ac-MWCNTs bioelectrodes; this reflects the direct 
bioelectrocatalytic reduction of O2. The addition of H2O2 (up to 20 mM, as indicated 
within the figure) resulted in the steady increase in the current (decrease in current 
magnitude) o f the BOd/Ac-MWCNTs bioelectrode. The stable currents observed for
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the BOd/Ac-MWCNTs in the absence of H2O2 confirm that this decrease in current 
is due to the detrimental effect of H2O2 on the BOd/Ac-MWCNTs bioelectrode.
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Figure 5.9 - Chronoamperometric trace o f a BOd/Ac-MWCNTs bioelectrode operating in 
citrate/phosphate buffer electrolyte (0.2 M, pH 6.5), in the absence (red) and presence (black) o f  H2O2 . 
The electrolyte was gently stirred throughout the experiment. The BOd/Ac-MWCNTs bioelectrode 
was prepared on a Toray paper electrode, and potentiostatically poised at +0.2 V (v5 . Ag/AgCl).
Previously (Chapter 4) it was shown that rinsing of a H202-inhibited 
laecase/Ae-MWCNTs bioelectrode and refreshment of the electrolyte eould recover 
direet bioelectrocatalytic activity; however, rinsing of the BOd/Ac-MWCNTs 
bioelectrode and refreshment of the eleetrolyte did not result in the recovery of any 
lost catalytie current. This provides further support for the dénaturation (or 
irreversible inhibition) of BOd by H2O2. The possibility to reeover any lost direct 
bioelectrocatalytic activity by the application of catalase was investigated by CA 
(Figure 5.10).
Initially, the electrolyte was purged with argon and minimal catalytic current 
was observed (due to the absence of [O2 dissolved] from the electrolyte). The 
introduction of air into the electrolyte resulted in a decrease in current (to 
approximately -0.38 mA cm'^) due to the direct bioelectrocatalytic reduction of O2 by 
the BOd/Ac-MWCNTs bioelectrode. The addition of ABTS (0.2 mM final 
concentration) to the electrolyte resulted in an approximate improvement of 11 % of
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the current density, explained by the recovery of any BOd present within the 
bioelectrode configuration that does not undergo DET.
The addition of H2O2 (10 and 20 mM) initiated a steady decrease in the 
catalytic current magnitude; it is hypothesised that this is due to the dénaturation (or 
strong/irreversible inhibition) of BOd. After 2000 seconds of exposure to 20 mM 
H2O2 {t = 3000 seconds), catalase (final concentration = 20 pg mL'^) was added to 
the electrolyte to rapidly decompose H2O2. Following the addition of catalase and 
current stabilisation, the catalytic current only offers minimal improvement to the 
direct bioelectrocatalytic current prior to the addition of catalase {t = 3000 seconds). 
Once again, this reflects the irreversible effect of H2O2 on the BOd/Ac-MWCNTs 
bioelectrode, where the slight improvement to the catalytic current is most likely due 
to the increase in [O2 dissolved] by catalase (Equation 5.1).
Further argon-purging cycles and another addition of catalase were performed; 
the second addition of catalase did not increase the catalytic current, confirming that 
H2O2 had been completely decomposed.
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Figure 5.10 - Chronoamperometric trace o f a BOd/Ac-MWCNTs bioelectrode operating in 
citrate/phosphate buffer electrolyte (0.2 M, pH 6.5). The electrolyte was gently stirred throughout the 
experiment, and no further air-purging was performed beyond t = 3600 seconds. The BOd/Ac- 
MWCNTs bioelectrode was prepared on a Toray paper electrode, and potentiostatically poised at
+0.2 V (v5. Ag/AgCl).
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Laccase/Ac-MWCNTs Bioelectrodes
Figure 5.11 presents the CA trace o f a laccase/Ac-MWCNTs bioelectrode, with 
additions o f ABTS, C f (150 mM) and H2O2 (50 and 100 mM).
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Figure 5.11 - Chronoamperometric trace o f  a laccase/Ac-MWCNTs bioelectrode operating in 
citrate/phosphate buffer electrolyte (0.2 M, pH 5.5). The electrolyte was gently stirred throughout the 
experiment. The laccase/Ac-MWCNTs bioelectrode was prepared on a Toray paper electrode, and 
potentiostatically poised at ^-0.2 V (vs. Ag/AgCl).
Following the introduction of air into the electrolyte (t = 200 seconds) the current 
drops to a steady-state current of approximately 0.2 mA cm'^. This reflects the direct 
bioelectrocatalytic reduction of O2 by the bioelectrode. At / = 600 seconds an 
addition o f ABTS was made (giving a final concentration o f 0.2 mM) which resulted 
in a further increase in catalytic current magnitude (arising from DET) of 
approximately 13%; this is explained by the ability of the ABTS to act as an electron 
mediator (MET) for any laccase (present within the electrode architecture) that does 
not undergo DET with the Ac-MWCNTs. The addition o f C f (final concentration of 
150 mM) removes the catalytic current density arising from MET (as explained 
above and shown in Figure 5.6). The additions of H2O2 at / = 900 and 1000 seconds 
(giving final respective concentrations o f 50 and 100 mM) result in the rapid
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inhibition o f laccase which therefore results in the removal of the majority of the 
direct bioelectrocatalytic current (11% remaining after H2O2 additions).
The reversibility of inhibition o f the laccase/Ac-MWCNTs bioelectrodes was 
previously shown in Chapter 4; rinsing o f a H202-inhibited bioelectrode resulted in 
the recovery o f approximately 94% of its initial direct bioelectrocatalytic current. 
Further CA was performed to investigate how the catalytic current o f a 
H202-inhibited bioelectrode can be recovered in-situ using catalase (Figure 5.12).
The electrolyte was initially purged with argon and minimal catalytic current 
was observed (due to the absence o f [O 2 dissolved] from the electrolyte). The 
introduction of air into the electrolyte resulted in an approximate catalytic current of 
0.29 mA cm'^, due to the direct bioelectrocatalytic reduction of O2 by the 
laccase/Ac-MWCNTs bioelectrode. The addition of ABTS (0.2 mM final 
concentration) resulted in an approximate improvement of 59% of the catalytic 
current arising from DET, which is explained by the recovery o f laccase that is 
present within the bioelectrode configuration that does not undergo DET.
The addition o f H2O2 (10 mM final concentration) resulted in a sharp decrease 
in the total catalytic current magnitude (arising from DET and MET); this is due to 
the inhibition of the laccase/Ac-MWCNTs bioelectrode, as shown above. A further 
addition o f H2O2 (20 mM final concentration) resulted in a further decrease o f 
approximately 16 % of the total (from MET and DET) catalytic current.
After 2000 seconds of exposure to 20 mM H2O2 (/ = 3000 seconds), catalase 
(final concentration = 20 pg mL'^) was added to the electrolyte to rapidly decompose 
H2O2. Following the addition of catalase and current stabilisation, the total catalytic 
current (arising from MET and DET) was recovered to approximately 98% of the 
catalytic current recorded prior to the addition of catalase {t = 3000 seconds).
Further argon-purging cycles (and another addition o f catalase) confirmed 
bioelectrocatalytic activity of laccase and eliminated interference from catalase. 
During the argon-purging cycles air-purging was not performed; the regeneration of 
the bioelectrocatalytic current under no gas-purging is due to the recovery of 
[O2 dissolved] v/fl perturbation of the solution and the presence of air-bubbles on the 
apparatus following the rapid decomposition o f H2O2 by catalase (Equation 5.1).
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Figure 5.12 - Chronoamperometric trace o f  a laccase/Ac-MWCNTs bioelectrode operating in 
citrate/phosphate buffer electrolyte (0.2 M, pH 4.5). The electrolyte was gently stirred throughout the 
experiment, and no further air-purging was performed beyond t = 3600 seconds. The 
laccase/Ac-MWCNTs bioelectrode was prepared on a Toray paper electrode, and potentiostatically
poised at +0.2 V (v& Ag/AgCl).
5.5. Discussion: Laccase and Bilirubin Oxidase Direct Bioelectrocatalytic 
Cathodes - The Impact of Halide Ions and Hydrogen Peroxide
The direct bioelectrocatalytic reduction o f O2 by BOd was investigated on 
Ac-MWCNTs, which have now been demonstrated to act as a good platform for the 
direct bioelectrocatalytic reduction of O2 by laccase. The resulting 
BOd/Ac-MWCNTs bioelectrodes were also compared to similar bioelectrodes that 
were prepared with OH-MWCNTs in place o f the Ac-MWCNTs (where 
OH-MWCNTs act as the starting material for the production o f Ac-MWCNTs). It 
was shown that the introduction of anthracene moieties onto the OH-MWCNTs 
improves DET currents between BOd and the Toray paper electrodes. This is 
supported by other works that use polycyclic moieties to improve DET and 
associated catalytic currents between MCO’s and electrodes [17-19, 21, 33].
The effect o f pH on the direct bioelectrocatalytic performance o f the 
BOd/Ac-MWCNTs bioelectrodes was investigated by CV between pH 4.5 and 7.5. 
Unlike the laccase/Ac-MWCNTs bioelectrodes, the BOd/Ac-MWCNTs 
bioelectrodes were capable of reducing O2 via DET at pH 7.5.
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The effects o f C f (150 mM) and F' (15 mM) on the BOd and laccase/Ac-MWCNTs 
bioelectrodes were also investigated. For the BOd/Ac-MWCNTs bioelectrodes, the 
addition o f ABTS (at pH 6.5) did not result in a significant increase in the catalytic 
current, suggesting that the majority o f BOd within the bioelectrode undergoes DET. 
The addition o f C f resulted in a decrease o f approximately 18%, whereas the 
addition o f F' only resulted in a further approximate loss of 11%. In contrast, the 
addition o f ABTS to the laccase/Ac-MWCNTs bioelectrode experiment (pH 4.5) 
resulted in a much larger increase in catalytic current magnitude - this suggests that 
DET is favourable for BOd. The same addition of C f completely removed the 
catalytic current arising from MET and a further 19% of the DET catalytic current 
(approximately). The addition o f F' resulted in the complete elimination o f the 
catalytic current arising from DET. The above findings also reflect that BOd is 
less-sensitive to inhibition by halide ions [11, 25, 26].
The effeet of H2O2 on the BOd and laccase bioelectrodes was also investigated; 
it was found that H2O2 gradually denatured (or perhaps strongly/irreversibly 
inhibited) BOd. Furthermore, the addition o f catalase (to rapidly decompose H2O2) 
could not recover lost catalytic activity. Interestingly, it was found that although 
H2O2 rapidly and sharply inhibits the catalytic activity of the laccase/Ac-MWCNTs, 
but the catalytic activity can be almost completely recovered by the addition o f 
catalase to the electrolyte in that case.
The inhibition o f laccase bioelectrodes by H2O2 (albeit significant) can be 
recovered quickly post-exposure. BOd-based bioelectrodes, however, may require 
continual treatment to ensure H2O2 is not present to cause irreversible and 
unrecoverable damage to BOd electrocatalytic activity. This must be considered 
when employing GOd (or indeed, other oxidases that utilise O2 as its electron 
acceptor) as the anodic enzyme; any production of H2O2 could potentially affect 
BOd-based BFCs and H2O2 remedial measures may need to be taken to prevent (or 
remove) H2O2 production prior to interaction with BOd.
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6. Glucose/Oi Enzymatic Biological Fuel Cells - Glucose 
Oxidase Bioanodes affect Bilirubin Oxidase Biocathodes
6.1. Introduction
Scodeller et al. (2010) were the first to report the inhibition o f laccase mediated 
bioelectrocatalytic cathodes by H2O2 [1]. Chapter 4 of this thesis demonstrated not 
only the first report o f the inhibition o f laccase direct bioelectrocatalytic cathodes 
(laccase/Ac-MWCNTs) by H2O2, but also the ability for glucose oxidase (GOd) to 
produce sufficient quantities of H2O2 to inhibit laccase biocathodes in 
single-compartment configurations of glucose/0 2  enzymatic biological fuel cells 
(BFCs) [2]. Furthermore, Chapter 5 of this thesis investigated the possibility of 
recovering lost laccase/Ac-MWCNTs biocathodic catalytic performance (due to 
inhibition by H2O2) by the use of catalase, to rapidly decompose H2O2 into O2 and 
H2O (Equation 6.1) [3].
2H2O2 - ^ 0 2  + 2H2O 
Equation 6.1
Chapter 5 of this thesis also demonstrated the efficient direct bioelectrocatalytic 
reduction of O2 by bilirubin oxidase (BOd) on the previously-used Ac-MWCNTs 
bioelectrode configuration and investigated the effect of H2O2 on the resulting 
BOd/Ac-MWCNTs bioelectrodes. H2O2 was found to affect these cathodes in a 
different manner to their laccase-based counterparts as H2O2 slowly affected the 
bioelectrocatalytic current (both mediated and direct). Furthermore, it was found that 
the treatment of the electrode/electrolyte with catalase (to decompose H2O2) did not 
recover catalytic current and that H2O2 had either denatured and/or 
strongly/irreversibly inhibited BOd.
To the candidate’s best knowledge, no other reports detail the effect o f H2O2 on 
BOd-based bioelectrodes. Furthermore, no reports were found that demonstrate how 
GOd may affect BOd-based biocathodes in glucose/02 enzymatic BFCs.
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Some o f the results presented below have been accepted for publication in the 
Elsevier journal “Electrochimica Acta”, and are also attached in Appendix A [4].
6.2. Aims and Objectives
Following the above, initial aims o f this chapter were to evaluate the performance of 
fully-enzymatic BFCs (operating on glucose and 0% dissolved) that resulted from the 
coupling o f either a FAD-GDH/Fc-LPEI or GOd/Fc-LPEI bioanode with a 
BOd/Ac-MWCNTs biocathode; investigation into any detrimental effects that may 
be introduced by GOd will also be evaluated. The operation o f the fully-enzymatic 
BFCs in human serum will also be investigated, reflecting any potential to implant 
resulting devices.
Objectives:
• characterise BOd-containing (Myrothecium sp.) single-compartment 
glucose/02 enzymatic BFCs incorporating
o flavin adenine dinucleotide-dependent glucose dehydrogenase-based 
(FAD-GDH, Aspergillus sp.) bioanodes 
o GOd-based {Aspergillus niger) bioanodes.
• investigate whether GOd-based bioanodes produce sufficient H2O2 to affect 
BOd direct bioelectrocatalytic cathodes
o in bipotentiostatic mode 
o when operating as an enzymatic BFC.
• determine whether any observed effects are introduced by GOd in 
comparison with FAD-GDH bioanodes
• investigate the operation of FAD-GDH/BOd and GOd/BOd fully-enzymatic 
BFCs in human serum.
The GOd- and FAD-GDH-based bioanodes presented within chapter 4 of this thesis 
were used; GOd or FAD-GDH was immobilised within a ferrocene-grafted linear 
polyethyleneimine redox hydrogel (GOd/Fc-LPEI or FAD-GDH/Fc-LPEI).
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6.3. Glucose/Oi Biological Fuel Cells
6.3,1. Glucose/02 Fully-Enzymatic Biological Fuel Cells
The BOd/Ac-MWCNTs bioelectrodes were operated as biocathodes (on Toray paper 
electrodes) and coupled to FAD-GDH/Fc-LPEI or GOd/Fc-LPEI bioelectrodes 
operating as bioanodes (on Toray paper electrodes or glassy carbon (GC) electrodes), 
resulting in fully-enzymatic BFCs fuelled by glucose in the presence o f O2. Figure 
6.1 and Figure 6.2 present respective linear sweep voltammetry (LSV) traces and 
resultant power curves from fully-enzymatic BFCs containing either a 
FAD-GDH/Fc-LPEI or GOd/Fc-LPEI bioanode coupled with a BOd/Ac-MWCNTs 
biocathode, operating in 200 mM glucose at pH 6.5.
Both BFC configurations showed a clear response to the addition o f glucose, 
confirming the ability for the devices to operate on glucose under [O2 dissolved]- 
Furthermore, once the current densities had reached maximum, minimal decrease in 
performance occurred suggesting virtually no (or little) deviation in mass-transport 
limitation o f the substrates to the bioanodes and biocathodes of the BFCs 
(Chapter 1).
The FAD-GDH/Fc-LPEI vs. BOd/Ac-MWCNTs BFCs produced maximum 
current and power densities of 226.6 ± 8.0 pA cm'^ and 35.9 ±1 . 3  pW cm'^, with 
associated open-circuit potentials (OCPs) o f 0.40 ± O.OI V (Figure 6.1). The 
GOd/Fc-LPEI v.s'. BOd/Ac-MWCNTs BFCs produced larger maximum current and 
power densities o f 332.7 ± 19.6 pA cm'^ and 46.5 ± 2.8 pW cm'^, with increased 
OCPs o f 0.47 ± 0.02 V, respectively (Figure 6.2). This slight difference in OCP 
between the FAD-GDH and GOd-based BFCs could reflect any difference in the 
onset potential of catalysis between the two anodic enzymes.
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Figure 6.1 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f a 
fully-enzymatic BFC utilising a FAD-GDH/Fc-LPEI bioanode and a BOd/Ac-MWCNTs biocathode, 
operating in citrate/phosphate buffer electrolyte (0.2 M, pH 6.5, quiescent) containing 0 (dashed) and 
200 mM (solid) glucose and performed at a scan rate o f 1 mV s '\  Bioanodes were prepared on glassy 
carbon electrodes and biocathodes were prepared on Toray paper electrodes. Current and power 
densities are plotted as a function o f the anodic geometric surface area.
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Figure 6.2 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f a 
fully-enzymatic BFC utilising a GOd/Fc-LPEI bioanode and a BOd/Ac-MWCNTs biocathode, 
operating in citrate/phosphate buffer electrolyte (0.2 M, pH 6.5, quiescent) containing 0 (dashed) and 
200 mM (solid) glucose and performed at a scan rate o f 1 mV s ’. Bioanodes were prepared on glassy 
carbon electrodes and biocathodes were prepared on Toray paper electrodes. Current and power 
densities are plotted as a function o f the anodic geometric surface area.
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Replacement o f the previously-investigated laccase/Ac-MWCNTs (Chapter 4) within 
BFCs with the BOd/Ac-MWCNTs also resulted in dramatically enhanced maximum 
current and power densities at pH 7.5; this is due to the ability o f BOd to efficiently 
reduce O2 at pH 7.5 (Chapter 5), whereas limited direct bioelectrocatalysis is 
observed for laccase (Chapter 4) [5]. Furthermore, the maximum current and power 
densities obtained from these BFC configurations are produced as a compound effect 
from both the bioanode and biocathode; thus, limitation at one results in the 
limitation of the overall device.
This also reflects the potential for BOd-based BFCs to be implanted within a 
physiological fluid. Table 6.1 compares the maximum power densities of 
FAD-GDH- and GOd-based BFCs containing laccase/Ac-MWCNTs or 
BOd/Ac-MWCNTs biocathodes (operating at pH 7.5).
Table 6.1 -  Comparison o f  maximum power densities o f  FAD-GDH- and GOd-based fully enzymatic 
BFCs when coupled with either laccase/Ac-MWCNTs (top) or BOd/Ac-MWCNTs (bottom)
biocathodes.
Bioanode Biocathode M axim um Power Density 
(liW cm )^ / M ean (± SD)
FAD-GDH/Fc-LPEI Laccase/Ac-MW CNT s 1.9 (±1.2)
GOd/Fc-LPEI Laccase/Ac-M W CNT s 4.3 (±0.7)
FAD-GDH/Fc-LPEI BOd/Ac-MWCNTs 26.2 (± 1.2)
GOd/Fc-LPEI BOd/Ac-MWCNTs 33.7 (±2.1)
BFCs were operated hydrostatically in citrate/phosphate buffer electrolyte at pH 7.5 (0.2 M) and 
containing 200 mM glucose. Maximum power densities were determined by linear sweep 
voltammetry at a scan rate o f  1 mV s'\ The bioanodes were prepared on glassy carbon electrodes 
whereas the biocathodes were prepared on Toray paper electrodes (n = 3).
For the FAD-GDH-based BFCs, the incorporation of a laccase/Ac-MWCNTs 
biocathode produced 7% of the maximum power density that can be obtained by 
replacing the laccase/Ac-MWCNTs biocathode with a BOd-based counterpart. 
Similarly for the GOd-based BFCs, the maximum power densities obtained when 
incorporating a laccase/Ac-MWCNTs biocathode were found to be approximately 
13% of the maximum power densities that can be obtained by the replacement o f the 
laccase-based biocathode with its BOd counterpart.
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The OCPs and associated maximum current and power densities o f the FAD-GDH- 
based BFCs (v5. BOd/Ac-MWCNTs biocathodes) were determined between 
pH 4.5 - 7.5 (Table 6.2 and Figure 6.3).
Table 6.2 - Comparison o f  open circuit potentials, maximum current densities and maximum power 
densities o f  FAD-GDH-based fully enzymatic BFCs when coupled with BOd/Ac-MWCNTs
biocathodes.
BFC Configuration: FAD-GDH/BOd
pH OCP (V) Max. Current Density Max. Power Density
(pA cm^) (pW cm'^)
i 4^5 0.61 (±0.01) 146.8 (± 3.9) 30.3 (± 0.8) '
5.5 0.51 (± 0.03) 220.7 (± 3.9) 50.9 (± 0.6)
i 6.5 0.40 (±0.01) 226.6 (±8.0) 35.9 (±1.3)
7.5 0.44 (±0.01) 241.2 (±17.3) 26.2 (±1.2)
BFCs were operated hydrostatically in citrate/phosphate buffer electrolyte (0.2 M) and containing 
200 mM glucose. Maximum current and power densities were determined by linear sweep 
voltammetry at a scan rate o f  1 mV s ' \  The bioanodes were prepared on glassy carbon electrodes 
whereas the biocathodes were prepared on Toray paper electrodes. Values given as mean (± SD), 
where n = 3.
When compared to the corresponding laccase-based BFCs in Chapter 4, the highest 
power densities were found at pH 5.5 (despite the highest current densities being 
found at pH 7.5); this is due to differences in onset potentials of the bioanodes and 
biocathodes, where the largest potential difference was found (in this case) to be at 
pH 5.5.
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Figure 6.3 - Maximum current densities and corresponding power densities o f  FAD-GDH-based 
fully-enzymatic BFCs, operating in citrate/phosphate buffer electrolyte (0.2 M, quiescent) containing 
200 mM glucose (determined by linear sweep voltammetry performed at a scan rate o f  1 mV s '). 
Bioanodes were prepared on glassy carbon and biocathodes were prepared on Toray paper electrodes. 
Current and power densities are plotted as a function o f  the anodic geometric surface area (n = 3, error
bars are SD).
Similarly, the OCPs and associated maximum current and power densities of the 
GOd-based BFCs (vs. BOd/Ac-MWCNTs biocathodes) were determined between pH
4.5 -  7.5 (Table 6.3 and Figure 6.4).
Table 6.3 - Comparison o f  open circuit potentials, maximum current densities and maximum power 
densities o f GOd-based fully enzymatic BFCs when coupled with BOd/Ac-MWCNTs biocathodes.
BFC Configuration: GOd/BOd
pH OCP (V) Max. Current Density Max. Power Density
(pA cm’^ ) (p.W cm’^ )
4.5
5.5
6.5
7.5
0.49 (±0.01) 
0.54 (± 0.01) 
0.47 (±0.02) 
0.47 (± 0.01)
293.9 (± 3.8)
300.1 (± 5.4)
332.7 (±19.6)
263.7 (± 10.3)
33.1 (±4.4)
64.5 (± 3.1) 
46 5 (±2.8)
33.7 (± 2 1)
BFCs were operated hydrostatically in citrate/phosphate buffer electrolyte (0.2 M) and with 200 mM 
glucose. Maximum current and power densities were determined by linear sweep voltammetry at a 
scan rate o f 1 mV s''. The bioanodes were prepared on glassy carbon electrodes whereas the 
biocathodes were prepared on Toray paper electrodes. Values given as mean (± SD), where n = 3.
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When compared to the corresponding laccase-based BFCs in Chapter 4, the largest 
power densities were found at pH 5.5 (despite larger current densities being found at 
pH 6.5).
Furthermore, although the maximum current and power densities for the GOd- 
based BFC at pH 7.5 are lower relative to those observed between pH 4.5 and 6.5, 
they are still larger than any o f the maximum current and power densities that are 
observed for the FAD-GDH-based BFCs (Figure 6.3).
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Figure 6.4 - Maximum current densities and corresponding power densities o f  GOd-based fully- 
enzymatic BFCs, operating in citrate/phosphate buffer electrolyte (0.2 M, quiescent) containing 200 
mM glucose (determined by linear sweep voltammetry performed at a scan rate o f  1 mV s' )^. 
Bioanodes were prepared on glassy carbon and biocathodes were prepared on Toray paper electrodes. 
Current and power densities are plotted as a function o f  the anodic geometric surface area (n = 3, error
bars are SD).
6.4. H2O2 Produced by Glucose Oxidase Affects Bilirubin Oxidase Biocathodes
As demonstrated in Chapter 4 ,  GOd bioanodes can rapidly deplete the [O2 dissolved] of 
a solution; the side reaction of GOd reduces O2 to H2O2 and thus, the depletion of 
[O2 dissolved] by GOd results in the introduction of H2O2 into the solution (or in this 
case, electrolyte). Furthermore, Chapter 4  also identifies this production o f H2O2 
(and not necessarily the depletion of [O2 dissolved]) as having deleterious effects on 
laccase/Ac-MWCNTs biocathodes; it was found that H2O2 inhibited the enzymatic 
activity of laccase.
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Chapter 5 of this thesis highlights the potential for H2O2 to affect BOd/Ac-MWCNTs 
biocathodes; this chapter therefore aims to determine whether GOd-based bioanodes 
(GOd/Fc-LPEI) can produce significant quantities o f H2O2 to have detrimental 
effects o f BOd/Ac-MWCNTs biocathodes in BFC configurations, thus lowering the 
performance o f overall devices.
6.4.1. Chronoamperometry o f  Bilirubin Oxidase Biocathodes 
Chronoamperometry (CA) was performed on BOd/Ac-MWCNTs biocathodes to 
evaluate how glucose, GOd and FAD-GDH (added to the electrolyte) may affect the 
bioelectrocatalytic performance of the biocathodes; Figure 6.5 presents the results for 
a representative BOd biocathode.
Upon initiation of the trace, the current density stabilised at approximately -135 
pA cm"^ which represents the direct bioelectrocatalytic reduction of O2 by the 
biocathode; the introduction of air-purging to the electrolyte {t = 500 seconds) 
resulted in an increase in catalytic current density (to approximately -275 pA cm'^), 
which is due to the increase in [O2 dissolved]- For comparison purposes, this current 
density can be referred to as the maximum current density for this biocathode (when 
under hydrodynamic, air-purging conditions). An addition of glucose was made (200 
mM final concentration) at ? = 1000 seconds, and a further air-purging cycle 
(between t = 1200 and 1600 seconds) revealed that the maximum current density had 
dropped by approximately 22%; this suggests that glucose may negatively impact the 
direct bioelectrocatalytic reduction of O2 by the BOd/Ac-MWCNTs biocathode.
The addition of FAD-GDH (^  = 1 8 0 0  seconds, final concentration o f 0 .0 4 3  mg 
mL'^) did not affect the catalytic current o f the biocathode (between t = 2000 and 
2 3 0 0  seconds), but the addition of GOd (/ = 2 5 0 0  seconds, final concentration of 
0 .0 4 3  mg mL '^) resulted in the complete removal o f the catalytic current (as 
determined by comparison between the current observed at the non-catalytically 
active bovine serum albumin (BSA) control electrode). The pH remained stable 
throughout the experiment (which was measured as pH 6 .4 4  at the start o f the trace, 
falling to pH 6 .4 3  before termination of the trace); the [O2 dissolved] also remained 
stable until the addition of GOd, which resulted in a 9 8 %  removal of the measured 
[O2 dissolved] prior to the addition of GOd.
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Figure 6.5 -  Representative chronoamperometric trace o f  a BOd/Ac-MWCNTs biocathode operating 
in hydrodynamic citrate/phosphate buffer (0.2 M, pH 6.5) potentiostatically poised at -4-0.2 V (vs.
Ag/AgCl). Air-purging was started at t = 500, 1200, and 2000 seconds. Air-purging was stopped at t = 
800, 1600, and 2300 seconds. Glucose (final concentration o f  200 mM) was added at t = 1000 
seconds. FAD-GDH (final concentration o f 0.043 mg ml'^) was added at t = 1800 seconds. Lastly,
GOd (final concentration o f  0.043 mg ml'^) was added at t = 2500 seconds. Electrodes were prepared 
on Toray paper (1 cm^). A control experiment was performed on an electrode with bovine serum 
albumin (BSA) as a non-catalytic replacement for BOd (top red line).
Several preliminary conclusions can be drawn from this experiment. Firstly, the 
addition of glucose appeared to lower the catalytic current of the BOd biocathode, 
suggesting that glucose may negatively affect the biocathode. Secondly, GOd was 
found to have detrimental effects on the BOd biocathode (in this context). Further 
investigation into the possible effects of GOd on the BOd biocathodes is, however, 
required; the reduction of O2 to H2O2 by GOd competes with MET that takes place 
between GOd and Fc-LPEI within a GOd/Fc-LPEI bioanode. Therefore, the absence 
of any mediator may produce biased results whereby more O2 is depleted (and more 
H2O2 produced) than may actually take place by a GOd/Fc-LPEI bioanode. 
Nevertheless, these results still demonstrate that GOd can affect BOd biocathodes.
Further individual controls confirmed no interference from gluconolactone and 
flavin adenine dinucleotide (FAD that may have dissociated from FAD-GDH or 
GOd) on the BOd/Ac-MWCNTs biocathodes.
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CA was also used to evaluate possible effects of glucose on the BOd/Ac-MWCNTs 
biocathode (Figure 6.6); the addition o f glucose (200 mM final concentration) did not 
affect the direct bioelectrocatalytic current density o f the representative 
BOd/Ac-MWCNTs biocathode.
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Figure 6.6 - Representative chronoamperometric trace o f  a BOd/Ac-MWCNTs biocathode operating 
in hydrodynamic citrate/phosphate buffer (0.2 M, pH 6.5) potentiostatically poised at +0.2 V 
(vs. Ag/AgCl). Electrodes were prepared on Toray paper (1 cm^). Air-purging was performed at 
t = 600 seconds, and glucose was added (final concentration o f  200 mM) at t = 1000 seconds.
Further investigation into the possibility of glucose detrimentally effecting BOd was 
performed by evaluation of the enzyme activity of BOd (using ABTS) in the 
presence of glucose (Chapter 2). This specific enzymatic activity o f BOd was 
determined to be 6.2 ± 0.2 U mg"  ^ in citrate/phosphate buffer (50 mM, pH 6.5, room 
temperature) and the addition of glucose (final concentration of 200 mM) resulted in 
a specific enzymatic activity for BOd o f 5.9 ± 0.1 U mg'^ (mean ± SD, n = 3); the 
specific enzymatic activity of BOd did not change in the presence o f glucose 
(200 mM).
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6.4.2. Bipotentiostatic Single-Compartment Operation o f Glucose-Oxidising 
Bioanodes and Bilirubin Oxidase Biocathodes
The bipotentiostatic operation o f laccase/Ac-MWCNTs biocathodes alongside 
GOd/Fc-LPEI bioanodes was shown to be a useful method for the investigation into 
any effects that either bioelectrode may exert on the other (Chapter 4). Therefore, 
this method was also utilised to investigate how GOd/Fc-LPEI bioanodes may affect 
BOd/Ac-MWCNTs biocathodes (Figure 6.7).
As described in Chapter 4, electrochemical potentials of +0.49 V and +0.19 V 
(vj'. Ag/AgCl) were applied to the bioanodes and biocathodes (respectively); glucose 
is being oxidised (via MET) and O2 is reduced (via DET). Air-purging was 
performed from the start o f the experiments to rule out the effect of [O2 dissolved] 
depletion by GOd, thus allowing investigation into the possible effect of H 2O2 on the 
BOd/Ac-MWCNTs biocathodes (as produced by GOd).
The addition of glucose (200 mM final concentration) at r = 600 seconds 
resulted in a small change in the biocathodic catalytic currents for both experiments; 
the bioanodic catalytic currents increased, due to the mediated bioelectrocatalytic 
oxidation of glucose. Air-purging was paused at / = 1200 seconds and recommenced 
at  ^ = 1900 seconds; this resulted in a small decrease in the biocathodic catalytic 
currents, which was recovered once air-purging was recommenced.
The catalytic current densities for both o f the biocathodes (when coupled with 
GOd- or FAD-GDH-based bioanodes) showed no difference in behaviour, 
suggesting that the production of H2O2 (by GOd) may not be a major concern within 
this relatively short time scale.
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Figure 6.7 -  Representative chronoamperometric traces (simultaneous, bipotentiostatic) o f  BOd 
biocathodes (red lines) coupled with either (A) GOd bioanodes or (B) FAD-GDH bioanodes, 
operating hydrostatically in citrate/phosphate buffer electrolyte (pH 6.5, 0.2 M). Air-purging was 
performed at the start o f  the trace (and stopped only at ? = 1200 seconds). Potentials o f  +0.49 and 
+0.19 V (vs. Ag/AgCl) were applied to the respective glucose-oxidising and Oz-reducing 
bioelectrodes. At r = 600 seconds, glucose was added to the electrolyte (final concentration o f  
200 mM). At t = 1200 seconds the air-purging was terminated and restarted only at t=  1900 seconds. 
All bioelectrodes were prepared on Toray paper electrodes.
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6,4.3. 24-Hour Continuous Operation o f Fully-Enzymatic Biological Fuel Cells 
Chapter 4 demonstrates that GOd-based bioanodes produce H2O2 that can, in turn, 
affect the performance o f laccase-based biocathodes therefore potentially lowering 
the overall performance of complete glucose/0 2  enzymatic biological fuel cells. 
Furthermore, Chapter 5 investigates the difference in effect of H2O2 on laccase- and 
BOd-based biocathodes, where laccase is affected more quickly than BOd.
Figure 6.7 suggests that the production of H2O2 by GOd-based bioanodes does 
not significantly affect BOd biocathodes over a relatively short time period 
(approximately 30 minutes). The performance o f complete enzymatic BFCs were 
next compared (where the bioanodes contained either GOd or FAD-GDH as the 
glucose-oxidising enzyme) to determine whether the possibility for the accumulation 
o f H2O2 affects BOd biocathodes (and overall BFC performance) over a 24 hour 
continuous discharge time period (Figure 6.8).
As in Chapter 4 of this thesis the GOd/BOd and FAD-GDH/BOd BFCs were 
potentiostatically poised at +0.2 V, which closely corresponded to the potential at 
which the maximum discharge currents o f the BFCs were observed (Figure 6.1 and 
Figure 6.2). After a continuous operational period of 24 hours, the power densities 
produced from the BFCs did not differ; the GOd/BOd and FAD-GDH/BOd BFCs 
produced 7.9 ± 1 .2  pW cm’^  and 6.7 ± 4.7 pW cm’^ , respectively. The GOd/BOd 
BFCs had been expected to produce larger power densities than the FAD-GDH/BOd, 
due to the larger maximum current and power densities that were observed during 
characterisation of the BFCs by LSV (Figure 6.1 and Figure 6.2).
After a continual operational period of 24 hours, air-purging was performed; 
this was to determine how [O2 dissolved] depletion by GOd may affect the performance 
o f GOd-containing BFCs, and to obtain maximal power densities for the BFCs 
(where [O2 dissolved] is comparable between the two BFC configurations, accounting 
for depletion by GOd) whilst observing how the production of H2O2 accumulation 
might also affect the overall performances o f the BFCs. Since the BFCs were 
operated under quiescent conditions (no stirring or air-purging), the BFCs were first 
stirred to account for any increase in performance that may occur from the 
introduced hydrodynamic properties o f the electrolyte.
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Figure 6.8 -24-hour potentiostatic discharge curves for (A) GOd/BOd and (B) FAD-GDH/BOd 
enzymatic BFCs, operated in quiescent citrate/phosphate buffer electrolyte (0.2 M, pH 6.5) containing 
200 mM glucose. Bioanodes and biocathodes were prepared on Toray paper electrodes ( 1 cm^). Data 
are presented as averaged traces (n = 3). At / = 24 hours, gentle stirring o f the solution was performed 
for 600 seconds. Then, stirring was terminated and gentle air-purging was performed for another 
600 seconds (until termination o f the experiment). The insets present rescaled axes between 23.5 and
24.5 hours.
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Following stirring and subsequent air-purging, final power densities for the 
GOd/BOd and FAD-GDH/BOd devices were 23.6 ± 5.5 pW cm'^ and 
33.6 ± 6.3 pW cm'^, respectively. Since the power densities increase for both the 
GOd-based and FAD-GDH-based devices, this suggests that [O2 dissolved] can still be 
depleted by BOd biocathodes, in certain applications (quiescent). Furthermore, these 
data also suggest that these GOd/Fc-LPEI bioanodes produce significant quantities of 
H2O2 to affect the catalytic performance of 02-reducing BOd biocathodes (and 
therefore the overall performance of the GOd/BOd BFCs), given that the GOd/BOd 
BFCs (46.5 ± 2.8 pW cm'“) showed higher bioelectrocatalytic performance during 
characterisation than their FAD-GDH counterpart (35.9 ± 1.3 pW cm'^. Figure 6.1 
and Figure 6.2).
6.5. Glueose/Oi Fully-Euzymatic Biological Fuel Cells operating iu Human 
Serum
Although the fully-enzymatic BFCs presented within this thesis are not particularly 
targeted towards implantation (since devices are hydrostatically operated in 
electrolyte containing 200 mM glucose), the potential for these devices to be 
implanted was investigated; human serum (Sigma Aldrich UK) was used as the 
media in which the BFCs were operated (Figure 6.9).
Figure 6.9 - The thermostatic operation o f fully-enzymatic biological fuel cells, operating in 7.5 mL 
o f human serum (37°C). Bioanodes and biocathodes were prepared on Toray paper electrodes.
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Glucose-oxidising bioanodes were prepared (as shown in Chapter 2 and Chapter 4) 
where either GOd or FAD-GDH was used as the biocatalyst. Ac-MWCNTs were 
once again used to establish DET between BOd and Toray paper electrodes, as 
demonstrated in Chapters 4 and 5 o f this thesis; BOd/Ac-MWCNTs biocathodes 
were prepared at pH 7.5. Laccase/Ac-MWCNTs biocathodes were not used, due to 
their inability to reduce O2 dissolved by direct bioelectrocatalysis at pH 7.5 (Chapter 4).
Preliminary BFC characterisation was performed at 37°C; open-circuit 
potentials were recorded (Table 6.4).
T a b le  6.4 - Open-circuit potentials o f  FAD-GDH/BOd and GOd/BOd fully-enzymatic biological fuel
cells.
BFC Opeu-Circuit Standard Deviation
Coufiguratiou Poteutial (V) (V ,u  = 3)
FAD-GDH/BOd 0.536 0.007
GOd/BOd 0.517 0.016
BFCs were operated in hydrostatic human serum at 37°C. Bioanodes and biocathodes were prepared 
on Toray paper electrodes (n = 3).
Linear-sweep voltammetry (LSV) was used to further characterise the FAD- 
GDHTBOd (Figure 6.10) and GOd/BOd (Figure 6.11) BFCs, and Table 6.5 compares 
the maximum current and power densities o f the FAD-GDH/BOd and GOd/BOd 
BFCs.
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Figure 6.10 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f  a 
fully-enzymatic BFC utilising a FAD-GDH/Fc-LPEI bioanode and a BOd/Ac-MWCNTs biocathode, 
hydrostatically operating in human serum (37°C) and performed at a scan rate o f  1 mV s''. Bioanodes 
and biocathodes were prepared on Toray paper electrodes (1 cm^), and current/power densities are 
given as a function o f  geometric surface area.
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Figure 6.11 - Representative linear sweep voltammogram (black) and resultant power curve (red) o f  a 
fully-enzymatic BFC utilising a GOd/Fc-LPEI bioanode and a BOd/Ac-MWCNTs biocathode, 
hydrostatically operating in human serum (37°C) and performed at a scan rate o f 1 mV s''. Bioanodes 
and biocathodes were prepared on Toray paper electrodes (1 cm“), and current/power densities are 
given as a function o f geometric surface area.
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Table 6.5 - Comparison o f  maximum current/power densities o f  FAD-GDH/BOd and GOd/BOd
BFCs.
BFC Max. Current Density Max. Power Density
Configuration (pA cm'^) (pW  cm^)
FAD-GDH/BOd 68.5 (± 5.2) 10.5 (±0.5)
GOd/BOd ^ 8 ^ 7 ,8) 6.3 (± 1.6)
. ___________ .
and biocathodes were prepared on Toray paper electrodes (1 cm^); current and power densities are 
given as a function o f  geometric surface area. Data reported as average (± SD).
The above results suggest that the FAD-GDH/BOd and GOd/BOd BFCs can operate 
in an implantable environment (the concentrations of glucose and O2 dissolved in human 
serum were not measured). The FAD-GDH/BOd BFCs produced greater maximum 
current and power densities than their GOd/BOd counterparts; further research is 
required to provide an understanding of how the enzymes behave in serum. 
Furthermore, optimisation for their operation in serum may be required.
6.6. Discussion: Glucose/ 0 2  Enzymatic Biological Fuel Cells - Glucose Oxidase 
Bioanodes affect Bilirubin Oxidase Biocathodes
The results presented within this chapter demonstrate the replacement o f the 
previously-used laccase/Ac-MWCNTs biocathode with a BOd/Ac-MWCNTs 
biocathode; the BFC was evaluated between pH 4.5 and 7.5. The GOd/BOd and 
FAD-GDH/BOd BFCs were found to operate successfully at pH 7.5, with associated 
maximum power densities of 33.7 ± 2 .1  pW cm'^ and 26.2 ± 1 .2  pW cm'^. This is 
due to the ability for BOd-based biocathodes to effectively reduce O2 at near-neutral 
pH (in contrast to laccase-based biocathodes) [5].
Furthermore, Chapter 4 demonstrated fully-enzymatic BFCs that coupled either 
GOd or FAD-GDH (as the glucose-oxidising component) with laccase biocathodes 
(responsible for the direct bioelectrocatalytic reduction of O2 to H2O). The BFCs 
operated poorly at pH 7.5 (which was supported by low power densities of 
approximately 3-4 pW cm"^) due to the inability o f laccase to efficiently reduce O2 at 
near-neutral pH [5]. The results presented within this chapter allow the operation of
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fully-enzymatic glucose/Oi BFCs at pH 7.5 and later suggest that these BFCs can 
operate when implanted.
The results presented within this chapter investigated the effect o f H2O2 on the 
BOd/Ac-MWCNTs biocathodes, as produced by the GOd/Fc-LPEI bioanodes; over 
an investigation window of approximately 30 minutes (in bipotentiostatic mode) it 
was found that the GOd bioanodes did not produce quantities o f H2O2 that 
significantly affect the BOd biocathodes. Subsequent analysis o f complete BFCs 
after a 24-hour continual discharge period identified diminished performances of 
GOd-based BFCs relative to the FAD-GDH-based BFCs, when considering the 
initial BFC performances of both devices. These results suggest that GOd-based 
bioanodes are capable of producing large enough quantities of H2O2, over a 24-hour 
operational period to affect the performance o f BOd biocathodes, thereby lowering 
the overall performances o f BFCs.
Preliminary results also demonstrate the performance o f FAD-GDH/BOd and 
GOd/BOd fully-enzymatic BFCs operating in human serum; whilst BFCs were 
shown to produce respective maximum power densities of 10.5 ± 0.5 pW cm'^ and 
6.3 ± 1 .6  pW cm'^, further work and optimisation is required to maximise the current 
and power densities that can be obtained from these BFCs when operating in human 
serum. Furthermore, the stabilities of the bioanodes, biocathodes and complete BFCs 
(when operating in physiological fluid) should be investigated.
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7. Conclusions and Future Work
7.1. Conclusions
7.1.1. Direct Electron Transfer o f Glucose Oxidase
This study first investigated direct electron transfer (DET) between glucose oxidase 
(GOd, Aspergillus niger) and an electrode modified with multi-walled carbon 
nanotubes (MWCNTs); room-temperature ionic liquid (RTIL)-reconstituted cellulose 
was used to entrap GOd within the resulting bioelectrode. Although an 
electrochemical response to glucose was observed, the catalytic currents that were 
attributed to the direct bioelectrocatalytic oxidation of glucose by GOd were 
negative; furthermore, the apparent direct bioelectrocatalytic current increased (in 
magnitude) when the applied potential decreased to reduction potentials o f the flavin 
adenine dinucleotide (FAD) co-factor redox couple.
Scheme 7.1 illustrates a proposed explanation for the effects observed at the 
GOd bioelectrodes. It is proposed that the addition of glucose results in the depletion 
of [O2 dissolved] of the electrolyte which is electrocatalytically reduced by the glassy 
carbon (GC) electrode that is modified with MWCNTs (that may also aid the 
electrocatalytic reduction of O2); carbon and activated carbon are well-known 
catalysts for the reduction of O2 [1].
Although this GOd bioelectrode does therefore not undergo DET it may still be 
utilised as a glucose biosensor, whereby [glucose] o f a sample is proportional to the 
extent o f [O2 dissolved] depletion (by GOd) of the sample or electrolyte.
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Scheme 7.1 - Proposed scheme showing the response to glucose observed at a glassy carbon electrode 
with glucose, glucose oxidase and O; (Chapter 3).
7.1.2. Glucose Oxidase V5. FAD-dependent Glucose Dehydrogenase
Mediated bioelectrocatalytic glucose-oxidising bioelectrodes/bioanodes were 
prepared utilising either GOd {Aspergillus niger) or FAD-dependent glucose 
dehydrogenase (FAD-GDH, Aspergillus sp.)\ ferrocene-grafted to linear 
polyethyleneimine (Fc-LPEI) acted as a redox hydrogel whereby either enzyme was 
immobilised (by a mixture of entrapment and covalent linking using 
ethyleneglycoldiglycidyl ether, EGDGE) and the grafted Fc acted as a non-diffusive 
electron mediator (mediated electron transfer, MET).
In contrast to FAD-GDH (which utilises “other^” electron acceptors), GOd 
utilises O2 as its natural electron acceptor; this study demonstrates the ability for 
GOd and GOd/Fc-LPEI bioanodes/bioelectrodes to lower [O 2 dissolved]; O2 is required 
as the substrate for enzymatic 02-reducing biocathodes. Furthermore, this reduction 
of O2 by GOd results in the concomitant production of H2O2. FAD-GDH has been 
demonstrated to be an 02-insensitive glucose-oxidising enzyme [2-4]. The reduction 
of O2 by GOd is undesirable, since electrons that are gained by the co-factor 
(following the oxidation of glucose) are misdirected towards the reduction o f O2 
instead of being donated to the electrode {via Fc) [5, 6].
' as defined by the Enzyme Commission number, which categorises enzymes by the chemical 
reactions that they catalyse.
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The use o f Oi-insensitive FAD-GDH within this study demonstrates the replacement 
of GOd with an enzyme that also oxidises glucose, with focus on the use of a 
glucose-oxidising enzyme that does not produce H2O2 (the production o f H2O2 by 
GOd has been demonstrated to be harmful to laccase and bilirubin oxidase (BOd) 
bioelectrodes/biocathodes (within this study)). Furthermore, FAD-GDH retains the 
use of FAD as the enzyme’s co-factor; the relatively low potential o f the 
FAD/FADH2 redox couple allows for a wide potential range of electron mediators to 
be used. FAD-GDH is also commercially available.
7.1.3. Laccase and Bilirubin Oxidase are affected by Hydrogen Peroxide
The production of H2O2 by GOd bioanodes has been demonstrated to be detrimental 
to the bioelectrocatalytic performance o f laccase and BOd bioelectrodes; when either 
enzyme is used as a biocathodic component, the presence o f H2O2 can lower overall 
performances of glucose/02 BFCs.
Literature examples show catalase can be incorporated within bioelectrode 
configurations to decompose H2O2; Zebda et a l (2011) incorporated catalase within 
the configuration of a proposed DET-based GOd bioanode (to decompose H2O2) [6], 
whereas Ammam and Fransaer (2013) incorporated catalase within a laccase-based 
biocathode which resulted in improved biocathodic performance (due to a relative 
increase in [O2 dissolved], following the decomposition o f H2O2) [ 7 ] .
Although the mechanism by which H2O2 affects laccase and BOd (and the 
extent o f damage) differs, consideration o f the management of H2O2 production is 
required. It is suggested that:
• H2O2 can be periodically removed by the use of catalase, UV, etc. (for 
BFCs incorporating laccase biocathodes),
• H2O2 management is permanently required (for BFCs incorporating 
BOd biocathodes), or
• H2O2 production should be avoided by the use of an alternative 
bioanodic enzyme that does not interact with O2, e.g. FAD-GDH.
The incorporation of catalase within BFCs is an effective and feasible approach, but 
BFC long-term stability may also then depend upon (and possibly be limited by) the
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enzymatic stability of catalase. It may therefore be possible to replace catalase with a 
non-enzymatic catalyst for the decomposition of H2O2, such as Fe- or Mn-containing 
materials. Furthermore, these materials could also be incorporated (by entrapment) 
into bioanodic and/or biocathodic components.
7.1.4. Glucose/02 Biological Fuel Cells operating in Human Serum
Preliminary data (Chapter 6) demonstrate the possibility to operate FAD-GDH/BOd 
and GOd/BOd BFCs in physiological fluids; power curves were successfully 
obtained for both fuel cell configurations in such as environment. Furthermore, BFC 
characterisation was performed at 37°C, which reflects the ability for these BFCs to 
operate at elevated temperature.
7.2. F u ture W ork
7.2.1. The Production o f H2 O2  by Glucose Oxidase Bioanodes
The production o f H2O2 by glucose-oxidising bioanodes that incorporate GOd and its
effect on laccase and BOd and their resulting bioelectrodes/biocathodes has been
demonstrated, but quantification of the H2O2 produced by GOd has not been
performed.
It is possible to quantify H2O2 by UV spectroscopy; the absorption o f light (at a 
wavelength of 240 nm) results in the decomposition o f H2O2, where an increase in 
absorbance is proportional to an increase in [H2O2] [8]. Preliminary results found that 
this method is capable of detecting as little as 1 mM H2O2 (in 0.2 M 
citrate/phosphate buffer containing 200 mM glucose), although control experiments 
confirmed that GOd also absorbs at 240 nm; since it is possible for any 
loosely-bound GOd to leach from the Fc-LPEI redox hydrogel, this method could 
result in a false positive result and/or inaccurate results.
It is also possible to detect the presence of H2O2 by the use of an enzymatic assay, 
whereby catalase or a peroxidase (e.g. horseradish peroxidase) is coupled to a redox 
indicator (acting is a similar fashion to an electron mediator). This method may 
prove more accurate in the determination o f H2O2, although once again the 
possibility for GOd to be present within the electrolyte (after being leached from the 
Fc-LPEI redox hydrogel, and at unknown concentration) could cause uncertainty; it
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may also be possible for GOd to interact with the redox indicator/probe that interacts 
with the catalase/peroxidase.
Therefore, an experiment is proposed for the future quantification of H2O2 that 
is produced by various (in this case, Fc-LPEI) GOd-based bioelectrodes/bioanodes. 
One possible experimental setup would include the use of a rotating ring-disk 
electrode (RRDE), where the disk electrode is comprised of GC and the ring 
electrode is made from platinum; a GOd/Fc-LPEI bioelectrode could be immobilised 
on the GC disk, and the production of H2O2 could be electrochemically detected at 
the Pt ring. Furthermore, the laminar flow that is instilled through the use of an 
RRDE could improve the sensitivity of the detection of H2O2 (Figure 7.1).
Pt Ring Electrode
GC Disk Electrode
Electrolyte/Buffer + Glucose
Figure 7.1 -  Laminar flow observed at a rotating ring-disk electrode. In this instance the disk 
electrode is glassy carbon and the ring electrode is platinum.
If the GOd/Fc-LPEl bioanodic component were to be immobilised at the GC surface 
of the RRDE, then the H2O2 produced by GOd would be forced (from the 
introduction of laminar flow) to diffuse outwards and away from the GC electrode 
until reaching the Pt electrode; an oxidative potential would then be applied to the Pt 
ring electrode, where the electrocatalytic oxidation of H2O2 could be 
chronoamperometrically determined (as shown by the early generation of glucose 
biosensors). A FAD-GDH control experiment would also be required; this acts as a
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H2O2 blank, whilst accounting for any glucose electrocatalytic oxidation at the Pt 
ring electrode (provided that the same glucose additions were performed on the GOd 
and FAD-GDH experiments).
7.2.2. The Effect o f H2 O2  on Laccase and Bilirubin Oxidase
Although this thesis has demonstrated the effects o f H2O2 on laccase and BOd (and 
their resulting DET-based bioelectrodes), the mechanisms by which they are affected 
is not fully understood. Furthermore, investigation into the inhibition mechanism of 
laccase by H2O2 could be useful for the future design of bioelectrodes to remediate 
H2O2 inhibition. The fact that the inhibition of laccase by H2O2 is reversible suggests 
that it is in fact inhibition and not dénaturation, since a decrease in catalytic activity 
thereof would otherwise be expected. Furthermore, comparison o f the effect o f H2O2 
on laccase to F" and Cl" suggests that H2O2 could act in a similar fashion to F", 
whereby electron transfer between the type-1 Cu centre and the tri-nuclear cluster 
(TNG) is disrupted.
7.2.3. Physiological Operation o f Glucose/ 0 2  Biological Fuel Cells
Although the operation of the fully-enzymatic BFCs has been demonstrated in 
human serum, improved BFC performance in physiological conditions could be 
obtained by undertaking further work to investigate:
• operational stability o f the anodes and cathodes (under these 
conditions) and their reactions,
• optimal bioelectrode configurations and enzyme loadings,
• bioanode tailoring for operation in 5 -  7 mM glucose (saturation 
currently occurs at approximately 200 mM)
Furthermore, preliminary BFC testing in human serum did not investigate the 
concentrations o f glucose, O2 dissolved and Cl"; since the performances o f the BFCs 
could heavily rely on their concentrations, future work should aim to investigate how 
their concentrations could dictate performances o f the BFCs.
Although this thesis has shown the production of H2O2 to be problematic for 
both laccase- and BOd-based biocathodes for enclosed single-compartment BFCs, 
further investigation should be conducted to determine how hydrodynamic operation
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may alleviate issues associated with H2O2, due to induced mass-transport o f H2O2 
away from the biocathodes.
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